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DISPFRSION MANIPULATING FIBRE Modtaget 
F i$i(j of the inventioo: 

The present invention relates to optical fibres and especially to optical fibres having mlcro- 
5 structures in core and/or cladding region(s). The fibres may be utilized for dispersion 
compensation and non-linear applications. 

ggckaround of the invention: 

The dispersion properties of conventional optical fibres are receiving a continuously high 
10 research Interest in connection with high-capacity optical communication, soliton 

propagation, and control of non-linear effects. Accordingly, there Is a strong interest in 
realizing new types of optical fibres that may provide new dispersion properties or may 
counteract some of the undesired dispersion properties of existing fibres. 

1 5 Recently a new type of optical fibre that is characterized by a so-called mtcrostructure has 
been proposed. Optical fibres of this type (which are referred to by several names - as 
e.g. micro-stnjctured fibres, photonic crystal fibre, holey fibre, and photonic bandgap 
fibres) have been described in a number of references, such as WO 99/64903, WO 
99/64904, and Broeng et al (see Pure and Applied Optics, pp.477-482, 1999) describing 

20 such fibres having claddings defining Photonic Band Gap (PBG) structures, and US 
patent no. 5.802,236. Knight et al. (see J. Opt. Soc. Am. A. Vol. 15. No. 3. pp. 748-752. 
1998), Monro et al. (see Optics Letters, Vol.25 (4). p.206'8. February 2000) defining fibres 
where the light Is transmitted using modified Total Internal Reflection (TIR). This 
application covers fibres that may guide by both physical principles and we shall use the 

25 term micro-Structured fibres to generally describe these fibres. 

Micro-stnjctured fibres are known to exhibit dispersion properties that are unattainable In 
conventional optical fibres (see e,g. Ranka et al., Optics Letters, Vol. 25, No. 1. pp.25.27. 
2000, Brodenck et al. Optics Letters, Vol. 24. No. 20, pp 1395-1397, 1999, Mogilevtsev et 

30 al- Optics Letters, Vol. 23, No. 21, pp. 1662-1664. 1998). These properties include shifting 
the zero dispersion wavelength below 1.3|im. This has e.g. In the above-cited Ranka- 
reterence been utilized for super-continuum generation of light over a very broad 
frequency range (covering visible to near-infrared wavelengths). The development of such 
white-light generators using micro-structured fibres was made possible through the design 

35 of micro-structured fibres with high anomalous waveguide dispersion at visible wavelength 
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- and it has fuelled a large research interest into non-linear effects In micro-structured 
fibres (Fedotov et al. JETP Letters. Vol. 71. No. 7, pp. 281-264, 2000. Wadsworth et al. 
CLEO 2000. Paper PD1.5. 2000). The above-cited references all describe fibres with zero 
dispersion wavelength shifted below 1.3^m. The fibres are characterized by a relatively 

5 high cladding air-filHng fraction - air hole diameters, d, of more than 045 times the centre- 
to-centre distance between two nearest air holes, A. and they all have a solid core. The 
size of the core is relatively small - about 1 .Sjim In diameter. It Is a disadvantage of the 
prior art fibres with zero-dispersion wavelength shifted below 1 .3fj-m that they are not 
strictly single-mode at visible wavelengths, but support a few (or more) guided modes. !n 

10 the above-cited reference by Ranka et al., it is demonstrated that for relatively short fibre 
lengths, the fundamental mode of such fibres may be considered undisturbed by any 
higher order guided modes (i.e. there is a low coupling coefticient between the 
fundamental and the higher order modes). However, for guidance over longer fibre 
lengths (i.e. hundred of meters) it is a disadvantage of the prior art fibres with zero 

15 dispersion wavelength shifted below 1.3 |im that they are not strictly single mode at visible 
wavelengths. It is a further disadvantage of the prior art fibres with zero dispersion 
wavelength below 1 .3 that they will be highly muttimode at visible wavelengths if the 
core size Is increased above 2 jim. It would be an advantage if fibres with zero dispersion 
wavelength shifted below ^ 3 (xm could be realized so as to have a core that was 

20 comparable in size to that of standard transmission optical fibres (i.e. to have a core of 
around 5 micron in diameter). 

Another important aspect of micro-structured fibres is that they may exhibit normal 
dispersion (or so-called negative dispersion) at near-infrared wavelengths. Fibres with 
26 large negative dispersion at 1 .55 jLtm are attractive for use as Insertion-components in 
existing optical fibre communication links, as they may be used to compensate the 
positive dispersion around 155 iim of already installed standard transmission fibres (i.e. 
fibres that are designed to operate in the second telecommunication window and have a 
zero dispersion wavelength at 1.3|im). 



Monro et al. have presented micro-structured fibres having dispersion values of about -30 
ps/nm/km at 1 .55 ;Am (see Journal of Lightwave Technology, Vol. 17. No. 6, pp.1 093- 
1 102, 1999). The fibres presented by Monro et al. are characterized by a solid core 
surrounded by micro-structured cladding with a close-packed arrangement of identical air 
35 holes- The cladding holes have a size d/A around 0.2. It is a disadvantage of the fibres 



30 



5 





28/08 01 15:08 FM -45 33320384 



HOIBERg_ AP^ 



^ PATENT-OG VAREK.€ 81006 



3 



presented by Monro et al. that the dispersior^ Is not more negative than -30 ps/nnrVkm. 
DiGiovannI et al. (see US patent no. 5,802.236) have presented micrcHSXruclured fibres 
that provide significanUy larger negaUve dlsperaion at near-infrared wavelengths. 
DiGiovannI et al. disclose micro-structured fibres that are characterized by a core and a 

5 micro-structured cladding. The cladding consists of inner and outer cladding features, 
thereby forming an inner and an outer cladding region. Both the inner and outer cladding 
of the fibres have an effective index that is lower than the core refractive Index at all 
wavelengths. The features of the inner cladding region (preferably air holes) act to lower 
the effective refractive Index compared to the effective refractive index of the outer 

10 cladding region. Hence, the fibres disclosed by DiGiovannI have a so-called "depressed" 
cladding design. The use of depressed cladding regions Is well-known fronn the 
development of conventional dispersion compensating fibres (see e.g.. M.Monerie. 
Propagation In doubly clad single-mode fibres. IEEE Journal of Quantum Electronics, 
vol.QE-18. no.4. April 1982, pp.535-542). To those skilled in the art, it will be recognised 

1 5 that in order to increase the negative dispersion of the fibres disclosed by DiGiovannI et 
al.. the size of the cladding features must be Increased. DIglovanni et aL disclose fibres 
that have dispersion of up to -1700 ps/nm/km. U Is a disadvantage oT the fibres disclosed 
by DiGiovannI that the depressed cladding design does not allow to Increase the Inner 
cladding feature s'r^e so as to obtain negative dispersion of more than -2500 ps/nm/km. 

20 This latter limit of maximum obtainable negative dispersion was predicted by Birks et al. 
(see Photonics Technology Letters.Vol. 11, No. 6, pp, 674-676, 1999). Blrks et al. studied 
the fundamental limits of negative dispersion that can be obtained in solid core micro- 
structured fibres made of pure silica and air. Birks et al- argue In the above-cited 
reference that by Increasing the void size (air holes), the negative dispersion of mlcro- 

25 structured fibres !s generally increased. Hence, an ideal micro-structured fibre (with 

respect to negative dispersion) consists - according to Birks et al. - merely of a thin silica 
rod (the fibre core) surrounded by air. Hence, Birks et al. made a prediction of the 
maximum obtainable negative dispersion based on the study of a solid silica rod 
surrounded completely by air (this case corresponds to the Inner cladding features of the 

30 fibres disclosed by DiGiovanni et al. being so large that they overlap each-other). For 
such an ideal micro-structured fibre, Birks et al. found a dispersion of -2000 ps/nm/km. 
This result has been taken as the maximum obtainable negative dispersion that can be 
obtained using silica-based optical fibres. It is a disadvantage of the fibres disclosed by 
Birks et al. that a negative dispersion of more than -2500 ps/nnVkm cannot be obtained. It 

35 Is a further disadvantage of the fibres disclosed by Birks et al. and of DiGiovannI et al. that 
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the fibre core must be very small (about 1 or less In diameter) in order to ensure single 
mode operation at near-infrared wavelengths while exhibiting large negative dispersion. 

The present invention provides fibres that are substantially single mode at visible 
5 wavelengths while having zero dispersion shifted below 1.3 ^m. This application further 
discloses fibres that are strictly single mode, have a zero dispersion wavelength below 1 .3 
micron, and a core diameter of more than 2 jam. 

This application discloses micro-structured fibres that have dispersion significantly more 
negative than -2500 ps/nm/km. The present inventors have realized that it is 

10 advantageous to turn up-side^own the usual design rules for realization of fibre with large 
negative dispersion - and to design fibres with a so-called ■'ralsed^ micrt^stnjctured. inner 
cladding region. As documented in this application, it becomes possible to realise micro- 
sloictured fibres with negative dispersion of at least up to ^500 ps/nm/km. This 
application describes in detail the design-route that the present inventors have found in 

1 5 order to realize such fibres and discloses a number of pretended embodiments of fibres 
according to the present invention. 

The present invenUon Is particularly aimed at fibres for dispersion compensafng and/or 
dispersion slope compensating applications. 

20 

While non-linearities are usually undesired for transmission and dispersion compensating 
fibres, they are for, other applications, desired as they may be utilized to provide different 
kinds of functionalities in opUcal fibres (such as wavelength conversion, parametric 
amplification, supercontinuum generation, soKtons etc.). For a detailed description of non- 
25 linear fibres and their applications, please see Agrawal. -Nonlinear fiber optics'. Academic 
Press, third edition, 2001. 

Also for non-linear fibres, dispersion plays an Important role, and in order to realise 
Improved non-linear fibres, it is vital to be able to control and manipulate the dispersion 
30 properties of such fibres accurately. The present invention also addresses fibres with 
special dispersion properties for a number of non-linear fibre applications in the near- 
infrared wavelength range. In particular, the present invention provides new micro- 
structured fibres with smalt cores and so-called flat, near-zero dispersion at near-infrared 
wavelengths (especially around 1 .Sixm) for use as non-linear fibres. 

35 



7 





28/06 '01 15:09 FAX +45 33320384 



HOIBERG APS 



- PATENT -OG VAREMi: !2l0O8 



5 



Ferrando et al. have studied fibres with nearly zero, flat dispersion (Optics Letters. Vol. 
25, No. 1 1. pp.790-792, June 1. 2000). Fibres with such dispersion properties are of largo 
interest as non-linear fibres, since low dispersion (close to zero) is one of the i<Dy 
elements in order to reduce the threshold for non-linear effects. A further key element is to 

5 reduce the mode field diameter of the guide mode as much as possible. Hence, small 
cores and near-zero dispersion are desired characteristics for non-linear fibres. In order to 
utilize non-linear effects In fibres over broader wavelength ranges (such as in modern 
broadband telecommunication systems), it Is further desired that the near-zero dispersion 
is obtained over a broad wavelength range in the near-infrared (hence, that the dispersion 

10 curve Is relatively flat over the wavelength range of interest). It is an advantage of the 
fibres disclosed by Fen^ando et al. that they exhibit flat, near-zero dispersion over a very 
broad wavelength range (for example dispersion between +1ps/nm/km and -1ps/nm/km 
over more than 500nm). 

15 It IS, however, a disadvantage of the fibres with near-zero, flat dispersion disclosed by 
Ferrando et ai. that the centre-to-centre. A. spacing between two nearest air holes 
surrounding the core Is equal to or larger than 2.3^m - thereby limiting the smallest 
possible core diameter to around 4.6^m. The exact, absolute value of the core diameter, 
naturally, depends on the definition of the core diameter. Unless otherwise stated, we will 

20 use the same core diameter definition as used in WO 99/00685, namely a core diameter 
defined as the distance from a centre of an innermost cladding feature to a centre of 
another Innermost cladding feature, these two innermost cladding features being 
positioned substantially opposite each other with respect to the core center. For the fibre 
design used by Fernando et al. this results in a core diametre equal to two times A (her>cB 

25 Fen-ando et al. disclose fibres with core diameters larger than 4.6^in). Alternatively, the 
core diameter may be defined from a circle connecting centers of the Innermost cladding 
features - this may be relevant in the case of only a few innermost cladding features 
(such as 3 or 5). This later definition is In agreement with the core definition used in WO 
99/00685. For core shapes with a strong deviation away from a circular shape, such as an 

30 elliptical or rectangular shape the core diameter should be defined most appropriate with 
respect to the mode field area, e g, as the mid-value between lengths of the first and 
second main axes of the elliptical or rectangular shape. 

It Is an object of the present invention to provide optical fibers for non-linear applications. 
35 where the fibres are characterized by a core diameter smaller than 4^.m as well as near- 
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zero dispersion at near-Infrared wavelength. \n particular, it is an object to provide optical 
fibres with a core diameter smaller than 3.5^m and dispersion that varies less than +/- 
5ps/nm/Km around zero over a wavelength range from at least 1.45fim to 1.65p.m. 

5 

Glossary and definitions: 

In this application we distinguish between "refractive index" and "effective refractive 
index". The refractive index is the conventional refractive Index of a homogeneous 
material. In this appUcatlon we consider mainly optical wavelengths In the visibie to near- 

10 infrared regime (wavelengths from approximately 400nm to 2^im). In this wavelength 
range most relevant materials for fibre production (e.g. silica) may be considered mainly 
wavelength independent, or at least not strongly wavelength dependent. However, for 
non-homogeneous materials, such as micro-structures, the effective refractive index is 
very dependent on the morphology of the material. Furthermore, the effective refractive 

1 5 Index of a micro-structure Is strongly wavelength dependent - much stronger than the 
refractive index of any of the materials composing the micro-structure. The procedure of 
determining the effective refractive index of a given micro-structure at a given wavelength 
is well-known to those skilled in the art (see e.g. Jouannopoulos et al. "Photonic Crystals", 
Princeton University Press, 1995 or Broeng et al. Optical Fiber Technology. Vol. 5, 

20 pp.305-330, 1999). The present invention takes advantage of specific micro-structure 
morphologies and their strong wavelength dependency in a novel manner and discloses 
fibres where the effective indices of the core and cladding regions are varying with respect 
to each-other in an untraditionai way. Most Importantly, there exists for certain fibres, 
disclosed in this application, specific wavelengths - so-called "shifting" wavelengths - for 

25 which the difference between the effective indices of core and cladding regions may 
change sign. The present inventors utilize this property to realize micro-structured fibres 
with strong dispersion around the shifting wavelengths. 

Usually a numerical method capable of solving Maxwell's equation on full vectoriai fomi is 
30 required for accurate determination of the effective refractive Indices of micro-staictures. 
The present invention makes use of employing such a method that has been well- 
documented in the literature (see previous Joannopoulos-reference). in the lor^g- 
wavelength regime, the effective refractive index is roughly identical to the weighted 
average of the refractive indices of the constituents of the material. For micro-structures, a 
35 directly measurable quantity is the so-called filling fraction that is the volume of disposed 
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features in a micro-structure relative to the total volume of a micro-structure. Of course, 
for fibres that are Ir^variant in the axial fibre direction, the filling fraction may be determined 
from direct inspection of the fibre cross-section. 

5 Summary of the Invention: 

A problem to be solved by the Invention is to be able to guide light in single-mode micro- 
structured fibres with relatively large mode areas, where either the zero dispersion 
wavelength is shorter than 1 3 ptm or the fibres exhibit a large negative dispersion value 
10 around 1 SBprn. Another problem to be solved is to provide in single-mode micro- 
structured fibres with very small mode areas and a flat, near-zero dispersion at 
wavelengths around 1.55pjn. 

The present invention covers several aspects of fibres with special dispersion properties. 
15 namely fibres with a micro-structured core region and a micro-structured cladding region 
with cladding features being large compared to the wavelength of light guided through the 
fibres, and further, the invention covers fibres with a so-called raised, inner, micro- 
structured cladding region. 

20 In certain aspects, the present invention relates to single- mode optical fibres with strong 
dispersion. A potenfial application of such fibres is for dispersion compensation or 
dispersion slope compensation of high bit rate optical communication links. For such 
applications, non-linear effects are crucial to eliminate, and fibres with relatively largo 
mode field diameters are required. 

25 

The present inventors have realised that the prior art fibres with a solid core require small 
core diameters in order to obtain single-mode operation and large negative dispersion. 
For modem optical telecommunication systems based on standard transmission fibres 
with a zero-<Jisperslon wavelength of 1 .3 ^m. a very Important fibre applicafion today is 

30 dispersion compensation at wavelengths around at 1 .55 ^m. However, for high capacity 
systems that are based on multi-wavelength channels (so-called dense wavelength 
multiplexed systems D-WDM), the prior art micro-structured fibres cannot be used for 
dispersion compensation due to their small core diameter. The small core diameter 
causes a (for this aspect) crucial increase in undeslred non-linear effects - such as e.g. 

35 four-wave mixing. 
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The present invention, however, discloses a number of fibre designs allowing realization 
of very large negative dispersion for large mode area fibres. In particular, for fibre core 
diameters wl^ich are comparable to those of standard optical transmission fibres. 

5 

The present inventors have further realized that the use of a depressed cladding - as 
disclosed in the prior art - ($ not optimum for realising fibres with large negative dispersion 
at near-infrared wavelengths. The present inventors have, on the other hand, found that 
micro-structured fibres can be Improved with respect to Increasing the dispersion (both to 

1 0 large negative or large positive values) if the fibres have a micro-structured core region 
and a micro-structured cladding region with cladding features being large compared to the 
wavelength of light guided through the fibre and/or if the fibre is designed with two 
cladding regions where the inner cladding region is micro-structured and has an effecUve 
refractive index that is larger than the outer dadding region at the operating wavelengths 

15 (the inner cladding region should e.g. have a lower filling fraction than the outer cladding 
region). We shall refer to this type of design as micro-structured fibres with a raised, inner 
cladding. 

The present Inventors have further realized that the use of a raised, inner cladding 
20 provides the flexibility to obtain fibres with very, smail cores and near-zero dispersion over 
a broad wavelengths range at near-infrared wavelengths. Such fibres are covered by 
another aspect of the present invention, and are mainly of interest for non-linear 
applications. 

25 Hence, the present inventors have realized that utilization of a raised, inner cladding is a 
particularly attractive for manipulating the dispersion properties of micro-structured fibres. 

When tailoring the dispersion properties of micro-structured fibres, it is generally desired 
to have larger features the cladding (usually low-index features in the form of voids or air 

30 holes) as this provides larger effective, refractive index contrasts and thereby stronger 
dispersive effects. It is. therefore, desirable to realize micro-structured fibres with large air 
holes. The main problem for the fibre designs disclosed in the prior art is, however, that 
above a certain air hole size, the fibres may become mulfi-mode. The present Invention 
describes a way of realizing strictly single-mode micro-structured fibres with large air 

35 holes, by using micro-structuring of the core region and/or various dopants In the high- 
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index composite of the micro-structured fibre (this being either in the core or in the 
cladding - or in boXh). 

According to a first aspect of the Invention there is provided a micro-structured optical 
5 fibre for transmitting at least a predetermined wavelength of tight, said oplicai fibre having 
an axiai direction and a cross section perpendicular to said direction. The fibre comprises 
a core region that comprises a multipiicity of spaced apart core features that are 
elongated In the fibre axial direction an<J disposed in a core material. The presence of the 
core features cause a micro-structunng of the core region, and the effective refractive 
10 Index of the core region Is noted Nco- Sun-ounding the core region is a cladding materiai 
that comprises a multiplicity of spaced apart cladding features. These cladding features 
are elongated in the fibre axial direction and disposed In a first cladding materiai. The 
presenco of the cladding features cause a micro-structuring of the cladding region, ar>d 
the effective index of the cladding is noted Nd. The fibre has a plurality of the cladding 
1 5 features that are large compared to the predetemnlned wavelength of the light guided 
tlirough the fibre. 

The micro-structured fibre according to the first aspect of the invention may be embedded 
in an article, which e.g. can be used in an optical fibre communication system. 

20 

By having a plurality of the cladding features with a large size compared to the 
wavelength of light guided through the fibre (the features are In at least one cross- 
sectional direction larger than the predetermined wavelength) and the micro-structured 
core region, it is possible to obtain the technical advantage of having a fibre with tx)th 
25 strongly dispersive waveguiding properties and a large mode area. It is a requirement in 
order to obtain these characteristics that a plurality of the cladding features are large 
compared to the predetermined wavelength of the light guided through the fibre, while at 
the same time the core Is micro-structured, 

30 According to an embodiment of the first aspect of the invention the effective index of 

refraction of the core region, Nc©, fnay be larger than the effective Index of refraction of the 
cladding region, Nd. at said predetermined wavelength of light. This is in order to ensure 
that the fibre may guide light in a single-mode by Internal reflection at the predetermined 
wavelength. 



35 
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it Should be understood that the first aspect of the Invention may cover a relatively large 
number of combinations or variations of the refractive Indices of the core material, the 
core features, the cladding material, and the cladding features. Thus, the refractive Index 
of one or more of the core features may be lower than the refractive index of the core 
5 material. Here, the refractive index of a majority or all of the core features may be lower 
than the refractive index of the core material. However, it is also within an embodiment of 
the first aspect of the Invention that the refractive Index of one or more of the core 
features ']$ higher than the refractive index of the core material, where the refractive index 
of a majority or alt of the core features may be higher than the refractive index of the core 
10 material. 

Accordingly, the invention covers embodiments where the refractive index of one or more 
of the cladding features is lower than the refractive index of the cladding material, v/here 
the refractive index of a majority or all of the cladding features may be lower than the 
1 5 refractive Index of the cladding material. However, the Invention further covers 

embodiments, where the refractive Index of one or more of the cladding features Is higher 
than the refractive index of the cladding material, and the refractive index of a majority or 
all of the cladding features may be higher than the refractive index of the dadding 
material. 



The fibres disclosed in the present invention are intended for use in a wide range of 
applications, where the light guided trough the fibre may be in the range from 0.3 »xm to 2 
l^m. For use In certain systems, the predetennlned wavelength may be very short - 
typically in the interval from 0-3 [im to 0.6 |am. For other applications, the fibre may be 

25 desired for delivery of light from laser sources such as lll-V semiconductor lasers - with a 
wavelength range from around 0.6 ^m to 1 .2 pin. Particularly, the wavelength range 
around 0,6 nxr» Is of interest for delivery of light from relatively cheap GaAs based 
semiconductor lasers. For other applications, fibres according to the present invention 
may be used for applications such as delivery of light from powerful, tuneable Ti:Sapphire 

30 lasers. Hence, the fibres may be designed to guide light at wavelengths between 0.78 |xm 
to 0.98 M.m. For other systems, e.g. systems employing lasers and amplifiers based on 
rare-earth doping, the fibres may be desired to guide light at specific wavelengOis. 
conresponding to transitions for particular rare-earths. Important transition lines are 
located around 1.06 ^m and 1.55 ^m. The fibres according to the present invention, may 

35 be used for a number of telecommunication applications - e.g for dispersion 
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compensation - where the fibre may be used in the wavelength range from about 1.2 
to 1.6 ^ifn. Particularly, the fibres may find use in the so-called second and third 
telecommunication window, i.e. for wavelengths around 1.3 |im and for wavelengths from 
around 1.5 |im to 1 .6 jim. For yet other applications, the fibres may find use at mid- 
5 infrared wavelengths, such as around 2.0 fim. The present invention covers preferred 
embodiments, where the predetermined wavelength is within the above-mentioned 
wavelength ranges. 

In a preferred embodiment, fibres according to the present invention have sir>gle-mode 
1 0 operation. This property IS Important both for applications at short wavelengths - e.g. for 
lithographic applications - as weil as for longer wavelength applications, such as 
telecommunication applications around 1.55 \um. 

Often, a fibre according to the present invention should also guide light for a range of 
1 5 wavelengths below the predetemnined wavelength. This is e g. the case for wavelength 
multiplexing systems used in telecommunication systems, where the fibre should be 
single mode at wavelength in the range from 1,5 fim to 1 .6 ^m. For other applications, 
such as fibre amplifiers or fibre laser, the fibres are desired to be single-mode at a pump 
wavelength that may be significantly below the predetermined wavelength. Therefore. 
20 preferred embodiments of the present invention covers fibres with single mode operation 
for wavelength ranges down to 0.3 \xm. 

It Is for many applications desirable to have fibres according to the present Invention to 
operate by total internal reflection. In a preferred embodiment, the core features are. 

25 therefore, smaller in size compared to the cladding features. This may provide a high- 
index core region within which light can be guided by total internal reflection (this type of 
guidance is in the literature also referred to as index-guidance or modified total internal 
reflection). The size is in this respect easily determined from an Inspection of the fibre 
cross-section - the core features should have at least one cross-sectional dimension that 

30 is smaller than that of the cladding features. It is prefen*ed that a part of or all of the core 
features have cross-sectional dimensions perpendicular to said axial direction being 
smaller than the cross-sectional dimensions of the cladding features. 

The present invention includes micro-structured fibres, where the elongated features may 
35 be either non-penodically or periodically distributed. Hence, when we are discussing the 
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spacing of elongated elements, we refer to the centre-to-centre distance bet>A/een two 
neighbouring features. For perlodicaliy distributed features, this centre-to-centre spacing 
is easily determined, and is e.g. for a dose-packed arrangement of the features identical 
to the pitch of the periodic structure. For non-periodic distributions, the centre-to-centre 
5 spacing should be taken as the average centre-to-centre distance between neighbouring 
features In the relevant region. For special distributions, e-Q- in the case of a very low 
number of features, the centre-to-centre spacing should be taken as the smallest centre- 
to-centre distance between neighbouring features In the relevant region, 

10 In a prefen^d embodinr^ent. the core features have a centre-lo-centre spacing that is 

smaller than the predetermined wavelength of light guided through the fibre. This provides 
a further improvement in order to obtain operation by total internal reflection. In further 
preferred embodiments, the core feature spacing is smaller than 0.9 times the 
predetermined wavelength, such as smaller than 0.6 tinr\es. such as smaller than 0,4 

15 times, or such small as 0.2 times the predetermined wavelength. 

To further ensure an operation based on total internal reflection , it is further preferred to 
have the core features small compared to the predetermined wavelength. Hence, in a 
preferred emt>odiment the core features have a cross-sectional dimension that Is smaller 
20 than the predetermined wavelength. Thus, a part of or all of the core features may have 
cross-sectional dimer\slons perpendicular to said axial direction being smaller than 0.9 
times the predetermined wavelength, such as 0.6 times, such as smaller than 0.4 times, 
or such as smaller than 0.2 times. Preferably, the cross-sectional dimension is as small as 
0.2 times the predetermined wavelength. 



Since fibres according to the first aspect of the present invention are characterized by 
relatively large cladding features (a plurality being larger than the predetenmined 
wavelength), the core features may need to have a certain size in order to erasure single 
mode operation at the predetermined wavelength. In a preferred embodiment the core 
30 features have a cross-sectional dimension that is larger than 0.2 ^m. 

It is preferred that the core features have a cross-sectional dimension perpendicular to 
said axial direction being so large that a second-order mode of propagation Is shifted to a 
wravelength of light being shorter or smaller than said predetermined wavelength. In a 
35 preferred embodiment, the core features are so large that the second-order mode will only 
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be able to propagate at wavelength shorter than 1 .5 jam. such as smaller than 1 -3 ^lm, or 
such as smaller than 1 .06 jxm, such as smaller than 0.8 or such as smaller than 0.6 
^im, such as smaller than 0 4 ^im. such as smaller than 0-3 ^m. or such as smaller than 
0.2 ^m. Preferably, the second-order mode cut off is shifted to wavelengths as short as 
5 0.2 ^m. For single-mode fibres, It should be mentioned that the second-order mode cut-off 
Is often simply refered to as the cut-off. 

To obtain the above-discussed shifting of the second-order mode cut-off, it is preferred 
that the core features have a cross-sectional dimension smaller than 2 ^m, such as 
10 smaller than 1.3 \xm, such as smaller than 106 ^m, such as smaller than 0.8 ^m, or such 
as smaller than 0.6 ^m, such as smaller than 0.4 jam, such as smaller than 0.3 ^lm. or 
such as smaller than 0.2 jim. In a preferred embodiment, the core features have a cross- 
sectional dimension In the range from 0.2 pjn to 1.8 ^im. 

In has already been mentioned that in order to ensure that the fibres according to the 
15 present invention ar© single-mode at the predetermined wavelength when operating by 
total or almost total internal reflection, the effective refractive index of the core region 
should be larger than the effective refractive Index of the cladding region. Hence, in a 
prefen-ed embodiment, Noo is larger than Nd at the predetermined wavelength. 

20 In order to obtain a strongly dispersive waveguide characteristic, the present inventors 
have realized how to utilize that the cladding region can be designed to have a higher 
effective refractive index than the core at wavelengths shorter than the predetermined 
wavelength (where Nco is larger than Nd)- This provides a cut-off for the fundamental 
mode in the core region at a so-called shifting wavelength (where Nco and Ncj are equal), 

25 but a very strong dispersion at the (longer) predetermined wavelength. Therefore, the 
present Invention covers fibres where Nd is larger than Noo below a shifting wavelength, 
this shifting wavelength being shorter than the predetermined wavelength. The present 
inventors have realized that the dispersion Is strongest close to the shifting wavelength, 
and depending on the application of the fibres, the shifting wavelength may, therefore, be 

30 tailored to a specific value, in order to obtain the strong dispersion at particular 
predetermined wavelengths, the present invention, therefore, covers preferred 
embodiments, where the shifting wavelength is below 1.5 pjn, where it is below 1.3 (Am, 
below 1.06 ^m, below 0.8 p/n, l>elow 0.6 ^m, and below 0.4 jam. 
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Yet another manner of ensuring operation by total internal reflection, is by having the 
feature filling fraction of the core region lower than the cladding region. Hence, in a 
preferred embodiment, the core features in the cross-section occupy in total a ratio Fc of 
the core region that Is smaller than the ratio F, where F. is the total ratio that the dadding 
6 features occupy of the cladding region. 

The present invention also covers fibres that may guide light by PBG (Photonic Band 
Gap) effects. In this case, the cladding features must be periodically distributed, and the 
present invention therefore includes prefen-ed embodiments where the cladding features 
10 are periodical features. The cladding features may e.g. be arranged in a close-packed 
arrangement, which provides Intrinsically the largest feature filling fraction A long range of 
other an^ngements may, however, also be of interest for specific applications. 

To provide fibres according to the present invention that are operating solely by PBG 
1 5 effects it Is preferred that the core region has a lower effective refractive index than the 
cladding region. Thus. In order to operate in the PBG mode, the effective Index of 
refraction of the core region. N^o, should be lower than the effective index of refraction of 
the cladding region, Nd, at said predetermined wavelength of light. 

20 Hence, in a prefenred embodiment, the core features may have cross-sectional 

dimensions perpendicular to said axial direction being larger than the cross-sectional 
dimensions of the dadding features. The larger core features or holes may provide a low- 
Index core region - meaning that the effective refractive index of the core region may be 
lower than the effective refractive index of the cladding region - within which light may be 

25 guided by PBG effect for certain wavelength ranges. For a specific fibre, these 
wavelength ranges may be tailored by choice of cladding feature arrangement, 
adjustment of cladding features size(s). core feature arrangement and/or core feature 
size(s). Such fibres may be advantageous not only in order to realize fibre with the 
previously described dispersive properties, but additionally to be able to guide a high 

30 fraction of light in the core features, in the case of air or vacuum filled features such fibres 
may. therefore, further be characterized by low material losses- 

Another manner of ensuring operation solely by PBG effects is by having the feature filling 
fraction of the core region higher than the cladding region. Hence, in a prefen-ed 
35 embodiment, the core features in the cross-section occupy In total a ratio Fc of the core 
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region that is larger than the ratio where F; is the total ratio that the cladding features 
occupy of the cladding region. 

In order to fabricate micro-structured fibres with a highly regular feature arrangement, it is 
5 preferred to have the centre-to-centre spacing tjetween core features equal to the centre- 
to-centre spacing of cladding features. Hence, the present Invention covers prefen-ed 
embodiments with a substantially identical feature spacing relation for the core and 
cladding regions. Due to structural uniformities during fabrication, the spacing may, 
however, in practice have smaller variations, even in the case where an identical spacing 
10 is sought 

tn yet another preferred embodiment, the core feature spacing is smaller than the 
cladding feature spacing. The main advantage of this Is the achievement of a higher 
flexibility when tailoring the mode-shape of light guided through the fibre. By using core 
15 features that are smaller than the cladding features, it is possible to Increase the number 
of core features and thereby to provide a better mode shaping. For most applications. U is 
desired to have a mode-shape that is as close as possible to a gausslan shape, In order 
to reduce coupling losses at e.g. splicing to standard fibres. 

20 To provide the largest flexibility for mode-shaping, it is preferred that the number of core 
features is larger than two. To further Increase the mode-shaping flexibility, it is preferred 
that the number of core features is larger than 5, and even further preferable that the 
numberof core features is larger than 17. 

25 The fabrication method most commonly used for the fabrication of micro-structured fibre, 
would for the realization of fibres according to the present invention favour the use of 
specific numbers of cone features (when these have a si^e smaller than the cladding 
features ^ preferably a cladding feature spacing of three times or of the square-rool of 
three times the core feature spacing). Therefore. In a prefen-ed embodiment, the number 

30 of core features Is equal to 7. or is equal to 13 or (s equal to 19. 

In yet another preferred embodiment, the core material (the background material of the 
core region) has a lower refractive tndex than the cladding material. This allows a further 
flexibility of tailoring the dispersive properties of fibres guiding by either of the two types of 
35 waveguidance (total internal reflection. PBG effects or both). For example, it is possible to 
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provide further control of the above-mentioned shifting wavelength by the use of a core 
material having a lower refractive Index compared to the cladding material. This refractive 
index difference may be obtained e.g. by using different dopants in the two materials (e.g. 
silica doped to various degrees), or it may be obtained simpiy by using different basis 
5 materials (e.g. different types of polymers). 

In yet another preferred emtx)diment the refractive index of the core and cladding 
materials are identical or substantially equal. This may e.g. be prefen^d in cases where 
fibre losses are a critical Issue, and the fibre must be fabricated from the purest possible 

10 material. In this case it is prefen-ed to use the same (pure) material for the core and 

cladding material. Also with respect to fabrication method, it may be an advantage to use 
the same core and cladding material (and therefore the same refractive index of the core 
and cladding material). This is e.g. the case where a difference In thermal expansion 
coefficient for the core and dadding materials cannot be tolerated. The presently used 

15 fabrication methods for micro-structured fibres are generally not in favour of the use of 
different core and cladding materials. Hence, fibres with the same core and cladding 
material are preferred. 

It should, however, be understood that the present Invention also covers embodiments in 
20 which the refractive index of the core material is higher than the refractive index of the 
cladding material. 

m order to obtain the strongest possible dispersive properties of the fibres according to 
the present invention, it is preferred that a high fraction of the cladding features have a 
25 cross-sectional dimension that is larger than the predetermined wavelength. Hence, 

preferred embodiments covers fibres, where more than 20% of the dadding features are 
larger than the predetermined wavelength, such as more than 40%, more than 60%, or 
more than 80% or all of the cladding features are larger. 

30 In a prefen-ed embodiment^ the core has a diameter larger than 2 i^m. Generally, for 
telecom applications a core size in the range from about 2 ^m to 10 ^m Is desired. For 
high-power applications, a larger core size is desired such as from about 10 ^m to 50 ^m. 

In order to obtain the strongest possible dispersive effects In fibres according to the 
35 present invention, it is preferred to have the cladding feature size as large as possible. 
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Hence, in a further preferred embodiment, the cladding features should have a diameter 
that is larger than 0.45 times the cladding feature spacing, such as a diameter larger than 
0.6 times the cladding feature spacing, such as lar^jer than 0.9 times the cladding feature 
spacing. Also it is prefen-ed that cladding features occupy at least 26% of the cross- 
5 section of the cladding region, such as more than 40%. such as more than 50%, such as 
more than 60%, such as more than 70%, such as more than 80%. 

It Is further preferred that in order to guide light in a single mode with strong dispersion, 
that the core features occupy more than 5% of the cross-section of the core region, such 
10 as more than 10%. such as more than 25%. such as more than 50%. such as more than 
75%. 

in a further preferred embodiment the core features are periodica) core features. This 
allosvs the simplest manner for fabrication of fibres with a micro-structured core region. 

15 

in a further preferred embodiment the spacing of the core features and of the cladding 
features are in the range of about 0.2 M.m to 10 fim. 

Commonly it Is preferred to realise the fibres with core material and/or the cladding 
20 material being silica. 

The core features and/or the cladding features may be rods or voids or combinations of 
rods and voids. Thus, one or more, a majority or all of the core features may be rods. It is 
also within embodiments of the Invention that one or more, a ma|ority or all of the cladding 

25 features are rods. Here, some or all of the rods of the core features and/or the cladding 
features may be made of silica, wherein one or more of the silica core features and/or 
cladding features may be doped with one or more materials selected from a list 
comprising: Ge. Al, F. Er, Yb. Nd. La. However, the invention also covers embodiments 
wherein one or more, a majority or all of the core features are voids. Similarly, one or 

30 more, a majority or ail of the cladding features may be voids. 

When some of the core features and/or the cladding features are voids, these voids may, 
depending on the specific application of the fibre, contain air, another gas, or a vacuum. 
Alternatively, when any of the core features and/or the cladding features are voids, such 
35 voids may contain polymer(s). a material providing an increased third-order non-linearity. 
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a photo-sensiUve material, or a rare earth material. In a second aspect of the Invention 
there is provided an article {e.g. an optical fibre communication system) that comprises a 
micro-structured optjcal fibre for guiding light at an operating wavelength, said optical fibre 
having an axial direction and a cross section perpendicuiar to said axia! direction, the 
5 optical fibre comprising: a core region having an effective refractive Index Nco and being 
sun-ounded by a cladding region comprising a multiplicity of spaced apart cladding 
features being etongated in the axial direction and disposed in a first cladding material, 
the cladding features having a refractive index that differs from a refractive index of the 
first cladding material, the cladding region further comprising an Inner cladding region 
10 surrounding the core region and an outer cladding region surrounding the Inner cladding 
region where the Inner and outer cladding regions have effective refractive indices Nj, and 
No, respectively, with Nt>No at the operating wavelength. 

It should be understood that the article of the second aspect of the invention may be an 
15 optical fibre communicating system or a part of an optical fibre communicating system 
such as the micro-structured optical fibre itself. 

In an embodiment of the second aspect of the invention, the inner cladding region 
comprises the first cladding material and the cladding features disposed therein, the first 

20 cladding material thereby constituting an Inner cladding material and the cladding features 
disposed in the first cladding material constituting a multiplicity of spaced apart inner 
cladding features, it is further preferred that the outer cladding region comprises a 
multiplicity of spaced apart outer cladding features being elongated in the axial direction 
and disposed in an outer cladding material, the outer cladding features having a refractive 

25 Index that differs from a refractive Index of the outer cladding material. 

In a preferred embodiment of the second aspect of the invention there Is provided an 
article comprising a micro-structured optical fibre for guiding light at an operating 
wavelength, said optical fibre having an axial direction and a cross section perpendicular 

30 to said axial direction, the optical fibre comprising a core region surrounded by an inner 
cladding region that comprises a multiplicity of spaced apart inner cladding features that 
are elongated in the axial direction and disposed in an Inner cladding material, the Inner 
cladding region being surrounded by an outer cladding region that comprises a multiplidty 
of spaced apart outer cladding features that are elongated in the axial direction and 

35 disposed in an outer material, the Inner cladding features having a refractive Index that 
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differs from a refractive Index of the inner cladding material and the inner cladding region 
having an effective refractive Index and the outer cladding features having a refractive 
index that differs from a refractive index of the outer cladding material and the outer 
cladding region having an effective refractive index N©, wherein Ni is larger than No at the 
6 operating wavelength. 

It has already been mentioned that for a micro-structure fit>re, such as a fibre having a 
cladding region with cladding features, the effective refractive index may be strongly 
wavelength dependent- Thus, for embodiments of the second aspect of the Invention 

10 having cladding features In the cladding regions, and wherein the core region has an 
effective refractive index Noo, it is preferred that optical fibre !s dimensioned so that the 
difference between Noo and N| is a function of the wavelength of the guided light, and so 
that the effective Index of the core region N^o Is substantially equal to the effective index of 
the inner cladding region N| at a wavelength referred to as the shifting wavelength, and 

1 5 wherein N; is larger than No for operating wavelengths equal to or below said shifting 
wavelength. 

In one embodiment, the optical fibre may be dimensioned so that Nc© Is larger than Ni for 
wavelengths or at ieast a range of wavelengths longer than the shifting wavelength, and 

20 Npg is lower than Nt for wavelengths or at least a range of wavelengths shorter than the 
shifting wavelength. In another embodiment, the optical fibre may t>e dimensioned so that 
Nco is lower than Ni for wavelengths or at least a range of wavelengths longer than the 
shifting wavelength, and N» is higher than N; for wavelengths or at least a range of 
wavelengths shorter than the shifting wavelength. The second aspect of the Invention also 

25 covers embodiments wherein Ni is larger than N© for a range of wavelengths above the 
shifting wavelengths. 

it should be understood that the second aspect of invention covers embodiments wherein 
the core region is a substantially solid core made of a core material and having an 
30 effective refractive index N^o being substantially equal to the refractive Index of the core 
material. However, the second aspect of invention also covers embodiments, wherein the 
core region comprises a multitude of spaced apart core features being elongated in the 
axia! direction and disposed in a core material. 

In an embodiment of the second aspect of the invention the inner cladding features or at 
35 least part of the Inner cladding features may have a cross-sectional dimension that Is 
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smaller than a cross-sectional dimension of the outer cladding features. This provides a 
relatively easy design to allow realisation of raised cladding micro-structured fibres. 
Typically the features are substantially circular, thus the cross-sectional dimension may 
be equal to the feature dianneter 



In a preferred embodiment, the refractive index of the core material is lower than the 
refractive index of the Inner cladding region material. This allows a simple design for a 
fibre exhibiting a shifting wavelength. 

10 It is also within a preferred embodiment that the centre-to-centre spacing between inner 
and outer cladding features Is substantially identical in the meaning that the centre-to- 
centre spacing between two nearest inner cladding features is substantially idonticai to 
the centre-to-centre spacing between two nearest outer cladding features. The 
advantages of this embodiment are similar to those described in the first aspect of the 

15 invention. 

According to an embodiment of the second aspect of the Invention, the filling fraction of 
inner cladding features in the inner cladding region is smaller than the filling fraction of 
20 outer cladding features in the outer cladding region. 

Thus, the inner cladding features may in the cross-section occupy In total a ratio, Ft, of the 
Inner cladding region and the outer cladding features may In the cross-section occupy in 
total a ration. Fp, of the outer cladding region, with F. being smaller than Fo. This provides 
a simple manner of obtaining a raised inner cladding, 

25 

It should be understood that the characteristics of a micro-structured fibre according to the 
second aspect of the invention may be obtained by a relatively large number of drfferent 
fibre designs. Thus, the second aspect of the invention may also cover embodiments, 
wherein all or at least part of the Inner cladding features have a cross-sectional dimension 
30 being substantially identical to a cross-sectional dimension of all or at least part of the 
outer claddir^g features. Here, it is prefen-ed that the centre-to-centre spacing l>etween 
inner cladding features is larger than the centre-to-centre spacing between outer cladding 
features. 



5 
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According to an embodiment of the invention, the number of inner cladding features may 
be lower than 6, such as equal to 4, such as equal to 3, such as equal to 2. 

It is also within embodiments of the second aspect of the invention that the refractive 
5 index of the inner cladding material is substantially identical to or larger than the refractive 
index of the outer cladding material. 

In a preferred embodiment, the refractive index of the inner cladding material is larger 
than the refractive Index of the outer cladding material and the inner cladding features in 
10 the cross-section occupy an area. Ft, of the inner cladding region and the outer cladding 
features in the cross-section occupy an area, Fo, of the outer cladding region, and Fi is 
equal to or larger than Fo. In this prefen^d embodiment, the higher refractive index of the 
inner cladding material allows the use of larger Inner cladding features, while the fibre 
maintains the relation N,>No. 

15 

According to an embodiment of the invention, the refractive index of one or more of the 
inner cladding features may be higher than the refractive Index of the inner cladding 
material. This may also help in obtaining a raised inner cladding region. Here, the 
refractive index of a majority or all of the inner cladding features may be higher than the 
20 refractive index of the Inner cladding material. 

However, it is also within embodiments of the invention that the refractive index of one or 
more of the Inner cladding features Is lower than the refractive index of the inner cladding 
material. Here, the refractive index of a majority or all of the inner cladding features may 
25 be lower than the refractive index of the inner cladding material- 

The second aspect of the present invention also covers an embodiment In which the outer 
cladding region comprises the first cladding material and the cladding features disposed 
therein, the first cladding material thereby constituting an outer cladding material and the 

30 cladding features disposed in the first cladding material constituting a multiplicity of 

spaced apail outer cladding features. Here, the core region may comprise a multitude of 
spaced apart core features being elongated in the axial direction and disposed in a core 
material. In one embodiment the refractive index of the core features Is larger than the 
refractive index of the Inner cladding material, and the refractive index of the core material 

35 IS lower than the refractive index of the Inner cladding material. However, in an alternative 
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embodiment, the refractive index of the core features may be lower than the refractive 
index of the inner dadding material, and the refractive Index of the core material may be 
larger than the refractive Index of the inner cladding material. According to an 
embodiment, the inner cladding region may here comprise an inner cladding matenal with 
5 the refi'active index of said inner cladding material being larger than the refractive Index of 
the outer cladding features. Preferably, the refractive index of the inner cladding material 
may be about equal to or larger than the refractive Index of the outer dadding material. 
For fibres according to the second aspect of the Invention having an outer cladding region 
with outer cladding features, the refractive index of one or more, a majortty or all of the 
10 outer dadding features may be higher than the refractive index of the outer cladding 
material. However, fn a preferred embodiment, the refractive index of one or more, a 
majority or all of the outer cladding features is lower than the refractive Index of the outer 
cladding material, 

15 For fibres according to the second aspect of the invention having a core region with core 
features, the refractive irnJex of one or more of the core features may be higher than the 
refractive index of the core material. However, In a preferred embodiment the refractive 
index of one or more of the core features is lower than the refractive index of the core 
material. 

20 

in an embodiment of the second aspect of the Invention, the refractive index of the core 
material is substantially identical to the refractive indftx of the inner cladding region 
material. The advantages of this embodiment are similar to those described in the ftrst 
aspect of the invention. In another or further embodiment, the refractive index of the core 
25 material is substantially Identical to the refractive index of the outer cladding region 
material. The advantages of this embodiment are similar to those described in the first 
aspect of the invention. 

For embodiments according to the second aspect having core features, the core features 
30 may have a diameter that is smaller than the diameter of the Inner cladding features. This 
may ensure operation by total intemal reflection. It is also within an embodiment of the 
invention that the core features have a centre-to-centre spacing being smaller than the 
centre-to-<:entre spacing of the inner cladding features. This allows further nr>eans for 
mode shaping. 
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For fibres according to the second aspect of tho Invention having outer cladding features, 
the outer cladding features may occupy more than 30% of the cross-section of the outer 
cladding region, such as more than 40%. such as more than 50%, such as more than 
60%. such as more than 70%, such as more than 80%. This allows stronger dispersion to 
5 be exhibited. 

In a preferred embodiment of the second aspect of the invention, the inner and/or outer 
cladding features may be periodically disposed. This may allov^ operation by PBG effects, 
as well as it may be of Importance for reasons of fabrication, as the one of the most widely 
10 used fabrication techniques favours the use of close-packed cladding features - hence, 
the features may be periodic features. It Is also v^nthin an embodiment of the invention that 
the core features are periodical core features. This Is advantageous for similar reasons as 
described in the first aspect of the Invention. 

15 In a preferred embodiment of the second aspect of the Invention, the core has a diameter 
larger than 2 jam. A relatively large mode area Is vital for the use of fibres in e.g. multi- 
wavelength dispersion compensation schemes. The advantages of this preferred 
embodiment are similar to those described in the first aspect of the invention. Here, the 
core diameter may be In the Inten/al from 2 M.m to 10 ^m, such as In the interval from 4 

20 ^m to 6 Mm, The advantages of having core diameters within these ranges are to provide 
fibres for high power applications, for lowering/elimination of non-linear effects, and/or for 
low coupling losses to standard transmission fibres. 

For fibres according to the second aspect of the invention, the inner and/or outer cladding 
25 features may have a spacing in the range of about 0.1 to 10 times the waveler^gth of any 
light guided through the fibre, such as In the range of about 0.5 to 1. such as In the range 
of about 1 to 2, such as in the range of about 2 to 5, such as in the range of about 5 to 10. 
The potential of dimensioning the cladding features within the above-described ranges 
provides a high flexibility when tailoring the dispersion properties for specific applications. 
30 It IS important that strong dispersion may well be obtained for small cladding features. 
This Is attributed to the fact that a raised inner cladding region may well be obtained even 
for small cladding features - hence, providing a shifting wavelength. 

In a prefened embodiment of the second aspect of the invention, the core features may 
35 have a spacing in the range of about 0.1 to 10 times the wavelength of any light guided 
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through the fibre, such as In the range of about 0.5 to 1 , such as in the range of about 1 to 
2, such as in the range of about 2 to 5. such as in the range of about 5 to 10. As for the 
above-<lescribed embodiment, this embodiment ensures a large Hexibillty of the present 
Invention with respect to specific applications. The second aspect of the present invention 
5 also covers emtxidiments where the core features have a spacing in the range of about 
0.1 Jim to 10 Jim, such as in the range of about 0-5 urn to 1 jim, such as in the range of 
about 1 to 2 jim, such as in the range of about 2 ^m to 5 fim^ such as In the range of 
about 5 Ktm to 10 jim. Again this embodiment ensures a large flexibility of the present 
invention with respect to specific applications. 

10 

For the fibres according to the second aspect of the invention, any of the core features 
and/or any of the Inner or the outer cladding features may be voids. The advantages of 
this preferred embodiment are similar to those described in the first aspect of the 
invention. Thus, one or more, a majority or all of the core features may be voids and/or 
1 5 one or more, a majority or all of the Inner cladding features may be voids. It Is also within 
the second aspect of the invention that one or more, a majority or ail of the outer cladding 
features are voids. Here, one or more of the core features and/or the cladding features 
may be voids containing air, another gas, or a vacuum. 

However, it is also within the second aspect of the fibres that any of the core features 
20 and/or any of the inner or the outer cladding features may be rods. Thus, one or more, a 
majority or all of the core features may be rods and/or one or more, a majority or all of the 
inner cladding features may be rods. It is also within the second aspect of the Invention 
that one or more, a majority or all of the outer cladding features may be rods. 

25 Similar to embodiments of the first aspect of the Invention, the second aspect of the 
invention also covers embodiments where one or more of the core features and/or the 
cladding features are voids containing polymer(s), a material providing an Increased third- 
order non-linearity, a photo-sensitive material, or a rare earth material. Such embodiments 
allow the realization of various applications, such as fibre laser, amplifiers, wavelength 

30 converters, optical switches etc. 

Accordirig to the present invention the fibres of both the first and the second aspect of the 
Invention may be designed for guiding light with waveiength(s) in the range from about 0.3 
^m to 15 ^m, such as from about 0.5 [im to 1 -6 M-m, such as from about 1 .0 to 2.0 j^m, 
35 such as from about 2 ^m to 5 jim, such as from about 5 |xm to 15 yim. The fibres In this 
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application will mainly be of interest for applications where light in various wavelength 
ranges between 0.3 and 2 ^m, as discussed in the first aspect of this invention. Due to 
the fact that a significant fraction of the light may in fact be guided in the core features - 
and these may e.g. contain air or vacuum - the fibres presented in this application may 
5 well find use for guidance of light at wavelengths that are presently unattainable using 
conventional optical fibres. Hence, the fibres presented in this application may be utilized 
for guidance of light at both mid-infrared wavelengths - the wavelength ranges from 
around 2 ^m to 5 ^m - as well as for mid- to far-infrared wavelengths - such as the 
wavelength range from around 5 nm to 15 ^m. 



For a range of applications, such as e.g. dispersion compensation In D-WDM systems, it 
is preferred that the fibres according to the present invention are designed for guiding light 
at several predetermined wavelengths. 

15 The present Invention further relates to a third aspect, according to which there Is 
provided an article comprising a micro-structured optical fibre for guiding light at an 
operating wavelength, said optical fibre having an axial direction and a cross section 
perpendicular to said axial direction, the optical fibre comprising: a core region having an 
effective refractive index Noo and being sun-ounded by an inner cladding region that 

20 comprises a multiplicity of spaced apart inner cladding features that are elongated in the 
axial direction and disposed in an Inner cladding material, the inner cladding region being 
surrounded by an outer cladding region, the Inner cladding features having a refractive 
Index that differs from a refractive Index of the Inner cladding material, the inner cladding 
region havfng an effective refractive index Nj and the outer cladding region having an 

25 effective refractive index No, wherein Ni is larger than at the operating waveler>gth, and 
wherein the core region Is a substantially solid core made of a core material, said core 
region having an effective refractive index Nco being larger than N, at the operating 
wavelength. It is preferred that the outer cladding region comprises a multiplicity of 
spaced apart outer cladding features being elongated in the axia! direction and disposed 

30 in an outer cladding material, with the outer cladding features having a refractive index 
that differs from a refractive index of the outer cladding material. 

It should be understood that the article according to any embodiment of the third aspect of 
the invention may t>e an optical fibre communicating system or a part of an optical fibre 
35 communicating system such as the micro-structured optical fibre itself 
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In a preferred embodiment of the third aspect of the Invention there is provided an article 
comprising a micro-structured optical fibre for guiding light at an operating wavelength, 
said optical fibre having an axial direction and a cross section perpendicular to said axial 
5 direction, the optical fibre comprising a core region having an effective refractive IrKlex Noo 
and being sumDunded by an inner cladding region that comprises a multiplicity of spaced 
apart inner cladding features that are elongated in the axial direction and disposed in an 
Inner cladding material, the Inner cladding region being surrounded by an outer cladding 
region that comprises a multiplicity of spaced apart outer cladding features that are 

10 elongated in the axial direction and disposed in an outer material, the inner cladding 
features having a refractive index that differs from a refractive index of the Inner cladding 
materiai and the Inner cladding region having an effective refractive Index N,, and the 
outer cladding features having a refractive index that differs from a refractive index of the 
outer cladding material and the outer cladding region having an effective refractive irnJex 

15 No, wherein: 

Ni is larger than No at the operating wavelength, the core region Is a substantially solid 
core with a core diameter around or below 4 ^m and with an effective refractive index Noo 
being larger than N| at the operating wavelength, the centre to centre spacing or pitch of 

20 the inner cladding features, A^, is around or below 2 \xm, the inner cladding features have 
a diameter or cross sectional dimension, di, fulfilling the requirement that d/A^ is equal to 
or below 0.7 and equal to or above 0.2, the centre to centre spacing or pitch of the outer 
cladding features, Ao, is around or below 2 ^im, and the outer cladding features have a 
diameter or cross sectional dimension, do, fulfilling the requirement that do/Ao is equal to 

25 or above 0.4. The micro-structured fibre exhibits non-linear optical effects at wavelengths 
around 1.5^m, such as In the wavelength range from 1.4^m to 1 .6^m. 

For the third aspect of the invention it is preferred that Nco is larger than N, for all 
wavelengths of optical radiation which can t>e guided by the micro-structured fibre. It is 
30 also preferred that the effective refractive index difference between the core region and 
the inner cladding region is greater than about 5%. 

According to a preferred embodiment of the third aspect of the Invention, the core region 
and the Inner cladding region are mutually adapted so that the micro-structured fibre 
35 exhibits a substantially zero dispersion or near-zero dispersion wavelength within the 
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range of 1 .2 fim to 1.8 ^inri, such as within the range of 1 .48 ^m to 1 62 jim, such as within 
the range of 1.52 to 1 .68 ixm. It is also within a preferred embodiment that the centre 
to centre spacing or pitch of the Inner cladding features, M is around or below 2 M-m, such 
as around or below 1 .5 i^m, such as around 1 .4 |im. or in the range of 1 |im to 2 ^un, such 
5 as in the range of 1 to 1 .5 m-^. 

It is also In accordance with the third aspect of the invention that the number of inner 
cladding features is higher than or equal to 6. Here, the Inner cladding features may have 
a diameter or cross sectional dimension, d„ and a centre to centre spacing or pitch, A„ 
10 fulfilling the requirement that d/Ai Is In the range from 0.2 to 0 4. such as about 0.3- The 
third aspect also covers embodiments wherein the centre to centre spacing or pitch of the 
outer cladding features, Ao . is substantially equal to the centre to centre spacing or pitch 
of the inner cladding features, Aj. 

15 In a preferred embodiment of the third aspect of the Invention, all or at least part of the 
inner cladding features have a diameter or cross-sectional dimension being substantially 
identical to a diameter or cross-sectional dimension of ail or at least part of the outer 
cladding features. The number of inner cladding features may be lower than 6, such as 
equal to 4, such as equal to 3, such as equal to 2, Here, it is prefen-ed that the centre to 

20 centre spacing between Inner cladding features Ai may be larger than the centre to centre 
spacing between outer cladding features Ao. Furthermore, the Inner cladding features may 
have a diameter or cross sectional dimension, di, and a centre to centre spacing or pitch, 
A. fulfilling the requirement that d^A* is In the range from 0.25 to 0.5, in the range from 
0.28 to 0.57, or in the range from 0,35 to 0.7. It is further prefemed that the outer cladding 

26 features are arranged in concentric manners forming concentric annular regions 

surrounding the core. Preferably the number of concentric rings of cladding features is two 
or larger than two, such as three, four or five or more rings- The separation between rings 
may be identical for all rings or the separation between rings may be varying In different 
manners In order to further tailor the waveguiding properties of the fibres. In a preferred 

30 embodiment, the separation between rings is decreasing. In another preferred 
embodiment, the separation between rings Is Increasing. 

ft Is preferred that the centre to centre spacing or pitch of the outer cladding features, Ao. 
Is around or below 2 jim, such as around or below 1.5 jxm, such as around 1.4 ^m. or in 
35 the range of 1 \im to 2 ^im, such as in the range of 1 M-m to 1 .5 ^m. The outer cladding 
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features may preferably hava a diameter or cross sectional dimension, do, fulfilling the 
requirement that dc/Ao is equal to or t)elow 0.7 and equal to or above OA, such as atx)ut 
0.5 or such a$ about 0.6- 

5 For embodiments according to the third aspect of the Invention, it Is prefen-ed that the 
core has a diameter around or t>elow 4 p.m. such as around or below 3.6 ^m, such as 
around or t>elow 2 pjn, such as around or below 1.5 i^m. It is also within an embodiment of 
the invention that the refractive index of the core region is varying along the diameter of 
the core region so that an Inner and/or a central portion of the core has a higher refractive 
10 index than an outer portion of the cone. The inner and/or central portion of the core may 
have a higher refractive Index than the refractive Index of the inner cladding material 
and/or the outer cladding material. In a prefenred embodiment, the Inner and/or central 
portion of the core may comprise one or more rods having a higher refractive Index than 
the background Index of the core or the outer portion of the core. 



The third aspect of the Invention also covers embodiments having different relations 
between the refractive Indices of the core region and the inner and/or outer cladding 
regions. In one embodiment, at least part of the core region has a refractive index being 
substantially identical to the refractive index of the inner and/or outer cladding region 
20 material. In another embodiment at least part of the core region has a refractive index 
being larger than the refractive index of the Inner and/or outer cladding region material. In 
yet another emt>odiment, at least part of the core region has a lower refractive index than 
the refractive index of the inner cladding material and/or the outer cladding material 

25 It is preferred that the Inner cladding features are voids and/or rods having a lower 

refractive index than the inner cladding material. It is also preferred that the outer cladding 
features are voids and/or rods having a lower refractive Index than the outer cladding 
material. For embodiments having cladding features being voids, such cladding features 
may be voids containing air, another gas. or a vacuum. The cladding feature may also or 

30 alternatively be voids containing potymer(s), a material providing an Increased third-order 
non-linearity, a photo-ser^silive material, or a rare earth material. 

According to an embodiment of the third aspect of the invention, all or at least part of the 
inner cladding features may have a cross-sectional dimension being smaller than a cross- 
35 sectional dimension of tho outer cladding features. It is also within an embodiment of the 
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invention that the retractive index of the inner cladding material is substantially identical to 
the refractive index of the outer cladding material. 

The third aspect of the Invention also covers embodiments where the Inner cladding 
5 features in the cross-section occupy in total a ratio, Pj, of the Inner cladding region, and 
the outer cladding features in the cross-section occupy in total a ration, Fo, of the outer 
cladding region, and Fi is smaller than F^. 

It should be understood that the different materials may be selected as background 
10 material for the core region and/or the cfadding regions for the fibres of the different 
aspects of the present invention. Thus, the core region and/or the cladding regions may 
comphse silica. 

It also within embodiments of the aspects of the invention that the core and/or any of the 
15 cladding materials contains polymer(s), comprise a dopant (e.g. an active or 

photosensitive material) or a material showing higher order (non-linear) optical effects. 
Thus, the core region and/or any of the cladding regions may comprise materials 
providing an increased third-order non-linearity, materials that are photo-sensitive 
materiaf(s), or are rare earth material(s). 



The use of polymer(s) as background material for the fibres allows potentially cheap and 
very flexible fabrication of the fibres covered by the present invention. 

The use of the above mentioned materials for the core and/or cladding regiorts allows the 
25 realization of various applications, such as fibre laser, amplifiers, wavelength converters, 
optical switches etc. Higher order (non-linear) effects may be used for e.g., soliton 
communication or more generally in applications, where non-linear effects are influencing 
the propagation properties of signals in optical communication systems. This also includes 
realisation of components for optical signal processing and for switching. Especially for 
30 applications for fibre lasers or fibre ampltflers, the dopant in the core or the cladding may 
be e.g., a rare-earth dopant adapted to receh^e pump radiation and amplify radiation 
travelling In the core region. The dopant may also be a light sensitive dopant, such as 
Germanium. In that situation, the dopant may be used for e.g optically writing a grating in 
the fibre or core region. Of particular interest is the use of photosensitive materials to 
35 allow writing of 1 D gratings in the longitudinal direction of the fibres. Fibres with such 
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gratings, combined with the large mode area, are very attractive for high power fibre 
lasers. 

For a range of applicaUons, it is desirable to control the polarization of light guided through 

6 the fibre as well as the dispersion. The present fabrication techniques of micro-structured 
fibre make it difficuit to completely eliminate asymmetries in the fibre cross-section. As 
those skilled in the art will recognize, this means that the fundamental mode of micro- 
structured fibres will have two nearly degenerate polarization states. For mlcro-stoictured 
fibres, where polarization effects are sought eliminated (the fibres are intended to have a 

10 low birefringenoe). we will note the two polan^ation states as substantially non- 
degenerate. For micrchStOJCtured fibres where, on the other hand, polarization effects are 
desired, the non-degeneracy may be enhanced such that the birefringence can reach 
levels of and even higher, such as of at least 10"^. We will note such fibres as having 
a fundamental mode consisting of two substantially, non-degenerate polanzation states. 

15 For a tong range of applications, such as e.g. for high precision Itthogr^phic systems, it is 
desired to have fibres with high birefringence. Therefore, the different aspects of the 
present invention cxjver emkx)diments with fibres that guide light in two substantially, non- 
degenerate polarization states. To quantify the splitting of the polarizations states, the 
Invention covers preferred embodiments, where the fibre birefringence is at least 10'^, 

20 such as at least 10^, such as at least 10''- 

The present invention covers embodiments wherein shape of the core region is 
essentially circular or elliptical, and/or wherein the core region has a substantially two-fold 
symmetry, which may be obtained from an-angement of the core features in a 
25 substantially two-fold symmetric manner. Furthermore, the Inventton covers embodiments 
wherein the core region and/or cladding region has substantially 180 degree rotational 
symmetry in the fibre cross-section. 

To control the degree of birefringence, it is prefeaed to have fibres with a core region 
having either small or large degree of asymmetry. This may be obtained by a core region, 

30 tn which the core features have a non-circutar symmetric shape In the fibre cross-section. 
It may also or alternatively be obtained either by positioning of the core features In an 
asymmetric manner, in an otherwise symmetric core region, or by having an asymmetry in 
the actual shape of the core region. Naturally, combinations of the afore-mentioned cases 
may also be employed. By asymmetry is here meant a deviation away from a circular 

35 symmetric shape or away from a quadratic, a hexagonal or a symmetric, higher order 
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polynomial shape. The present Invention, therefore, covers prefen*ed emt>odiments with 
the above-described manners of applying asymmetry to the core region. However, the 
invention may also cover embodiments in which the shape of the core region is 
substantialiy rectangular In the fibre cross-section. Fibres according to the present 
5 invention may often have a solid overcladding surrounding the micro-structured cladding 
and cx^re regions. Typically, this overcladding will consist of silica having a higher 
refractive Index than the micro-structured cladding region In order to strip off cladding 
modes- 

10 In some of the above-described embodiments, it has been assumed that the core and 
cladding features have a lower refractive index than the core and cladding material (the 
background material of these regions). The reason for this is that micro-structured fibres 
commonly are fabricated such that the cladding features are voids such as air holes, 
hence the features have a lower refractive Index than the surrounding background 

15 materiaL It is, however, important to notice that the inventions and ideas described in this 
application are also valid and may be utilized in the case of high-Index features- 

The present invention also covers fibres, where the cladding features are placed in 
concentric manners, such as in concentric annular regions surrounding the core. 

20 

The present Invention also covers fibres, where the cladding features are increasing in 
size with respect to their distance to the centre of the core. 

Brief description of the drawings; 

25 

Fig. 1 illustrates schematically the design of a typical micro-structured fibre known from 
the prior art. 

Fig. 2 illustrates the core region of the fibre in Fig. 1 . 

30 

Fig. 3 shows a scanning electron micrograph of a real, micro-structured fibre with a design 
known from the prior art. 

Fig. 4 shows the mode field distribution of the fundamental mode of a micro-structured 
35 fibre. 
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Fig. 5 shows the dispersion properties of micro-structured fibres with relatively small 
cladding air holes. 

5 Rg. 6 shows the cut-off properties of a micro-structured fibre with a design known from 
the prior art- 
Fig. 7 shows the mode field distribution of the secX)nd-order mode of a micro-structured 
fibre. The two lobes of the mode field have a 180 degree phase reversal between them 
10 which is indicated by the plus and minus signs. 

Fig 8 illustrates a fibre according to the present Invention. The fibre has a core region 
containing a multiplicity of core features. The core features are smaller in size and more 
closely spaced than the cladding features. 

15 

Fig. 9 shows a close-up of the core region (and the Inner part of the cladding region) for 
the fibre In Fig. 8. 

Fig. 10 shows another fibre according to the present invention. The fibre has core and 
20 Cladding features positioned at the same places as the fibre in Fig. 8, but the cladding 
features are significantly larger. 

Rg. 1 1 illustrates a prior art fibre with a high filling fraction in the cladding. The fibre 
supports a high number of guided modes (only the effective Index (p/k) of the fundamental 
25 and second-order mode are illustrated). The dari< area Indicates cladding modes. The 
fundamental mode displays attractive dispersion properties, but these cannot be utilized in 
practice since the fundamental mode will couple to the second-order mode. The fibre 
structure is illustrated in the right part of the figure. 

30 Fig. 12 illustrates a fibre with micro-structured core region. The core holes introduce a 
suppression of both the fundamental and second-order mode (as well as for all other 
modes guided by the fibre - which are for reasons of clarity not illustrated). The 
fundamental mode still exhibits attractive dispersion properties. The second-order mode 
cut-off is shifted towards shorter wavelengths compared to the prtor art fibre - see Fig. 11 

35 The cladding holes are spaced further away from each other compared to the core holes, 
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and the air filling fraction In the core region is significantly lower than in the cladding 
region. This effect is caused by the effective indices of the guided modes being lowered. 
This is caused by the core region having an effective index, which is lower than the 
refractive index of the core in the prior art fibre. 



Fig. 13 illustrates a fibre with micro-structured core region. The core holes introduce a 
complete suppression of ail other modes than the fundamentai mode. The fundamental 
mode stlii exhibits attractive dispersion properties and the fundamental mode has a 
relatively large fraction of the light guided in air. This amount of light that Is guided in air Is 
10 roughly related to the p//c-value, where a p/A-value closer to one means a larger degree of 
air guidance. The cladding holes are spaced further away from each other compared to 
the core holes, and the air filling fraction in the core region Is lower than in the cladding 
region. 

15 Fig. 14 schematically shows the dispersion properties at visible to near-Infrared 
wavelength of the fibre in Fig 1 3. 

Rg. 15 illustrates schematically the operation of dispersion compensating fibres known 
from the prtor art. 

20 

Fig. 16 illustrates schematically the operation of dispersion compensating fibres disclosed 
in this application- 
Fig. 17 shows a fibre according to the present invention. The fibre has a solid core that 
25 has a lower refractive index than the refractive Index of the background cladding material 
and a raised, micro-structured, inner cladding region. 

Fig. 18 illustrates schematically the operat'on of dispersion compensating fibres disclosed 
in this application. 

30 

Fig. 19 shows a further example of a fibre according to the present invention. The fibre 
has a raised, micro-structured, inner cladding region. 

Fig. 20 shows yet another example of a fibre according to the present invention. The fibre 
35 has micro-structured core region and a raised, micro-structured, inner cladding region. 
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Fig. 21 illustrates the operation of the Fibre in Fig. 20 through the use of effective 
refractive index considerations. 

5 Fig. 22 shows a sfmprrfied illustration of the operation of the fibre In Fig. 20. 

Fig. 23 shows the dispersion properties of a fibre according to the present invention. The 
dispersion at near-infrared wavelengths is lower than —4000 ps/km/nm. 

1 0 FiQ. 24 shows yet another example of a fibre design according to the present invention. 

Rg. 25 shows yet another example of a fibre design according to the present invention. 

Fig. 26 illustrates schematically another type of fibre design with a micro-stnjctured cor© 
1 5 region according to the present Invention. This type of fibre design Is used for fibres 
operating by PBG effects. 

Fig. 27 illustrates schematically the operation of other dispersion compensating fibres 
disclosed in this application. 

20 

Fig. 28 shows an example of a fibre with a raised, inner cladding for non-linear 
applications at wavelengths around I .Sjjjn. 

Fig. 29 shows an example of a fibre with a specific core Index profile that may t>e 
25 advantageous for non-linear applications. 

Fig. 30 shows the dispersion properties of series fibres according to the present invention 
for various pitches. 

30 Fig. 31 shows the disp>erslon properties of another series fibres according to the present 
invention for various pitches. 

Fig. 32 shows the mode field of a fibre according to the present invention. 
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Fig, 33 shows the dispersion propertied of yet another series fibres according to the 
present invention for various pitches. 

Fig. 34 shows an example of a fibre with a raised, inner cladding for dispersion slope 
5 compensation at wavelengths around 1 .5|im. 

Fig. 35 shows the mode field of a fibre according to the present invention. 

Fig. 36 shows another example of a fibre according to the present invontion. The fibre has 
1 0 4 innemnost cladding features provkJing a raised, inner cladding. 

Fig 37 shows the dispersion properties of the fibre in Fig 36 

Fig. 38 shows the mode field distribution of the fibre in Fig. 36 at a wavelength of 1 55^m. 

15 

Fig. 39 shows yet another example of a fibre according to the present invention with a 
raised, inner cladding. 

Detailed description of the Invention and some preferred embodiments: 
20 A typical micro-structured fibre known from the prior art is illustrated schematically in Fig. 
1. The figure shows a cross-section of the fibre. The fibre consists of a background 
material (10) and it is Invariant in the longitudinal direction (the direction perpendicular to 
the illustrated cross-section) and it has a cladding region characterized by an array of 
features (11) mnning along the fibre axis. In the prior art, the most commonly used 
25 background material is silica and the features are most commonly air holes. The holes are 
in this case arranged periodically (in a so-called close-packed or triangular arrangement), 
but the holes may also be non-periodically or randomly distributed (see e.g. Monro- 
reference). In the centre of the fibre (12) a single hole has been left out In order to form a 
high-index core region. In Fig, 2. the core region is schematically illustrated (20) along 
3Q with the centre-to-centre distance between two nearest air holes, A. In the case of micro- 
Structured fibres with periodically an^nged holes, these form in the cross-section a two- 
dimenstonally periodic lattice with a lattice constant equal to A. 

Micro-structured fibres are commonly fabricated using a relatively simple procedure, 
35 where an array of silica rods and tubes are stacked by hand to form a preform, that may 
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be drawn into fibre using a conventional tower setup. Varloiis lattice structures may be 
realized using this technique by positioning rods and tubes during the stacking pnDcess in 
a close-packed arrangement. Such preforms are readily drawn to dimensions, where 
centre-to-centre spacing t>etween two nearest air holes may be less than 2.0 ^m, while 
5 preserving the initial air hole lattice in the cross-section of the fibres. Fig. 3 shows an 
example of a final micro-structured fibre - with a regular air hole arrangement - that has 
been realized using a so-called stack-and-draw process. The fibre in Fig. 3 has air holes 
an-anged In a triangular lattice, and a high-index core is formed by the omission of a single 
air hole. Light may be guided efficiently in the core region of micro-structured fibres, and 
10 an example of the fundamental mode that is guided in micro-structured fibre known from 
the prior art is illustrated in Fig. 4. 

Fig. 5 shows the dispersion properties at near-infrared wavelengths of a series of typical 
micro-structured fibres known from the prior art. The fibres have all a design as shown in 

15 Fig. 1. but the cladding air holes are varied from dfA= 0-10 to 0.45. The simulation of the 
fibres is for a fixed A value of 2.3 |im. The dispersion properties are simulated using a full- 
vectorial mode-solver as a function of wavelength. From the figure, it Is first noted that for 
very small air hole sizes, e.g . when the influence of the air holes Is strongly limited, the 
dispersion curve is very close to the material dispersion of pure silica (zero dispereion 

20 wavelength around 1 .3 ^m). As the diameter of the air holes is Increased, the waveguide 
dispersion becomes increasingly strong. This shows that the waveguide dispersion may 
be positive at wavelengths below 1.3 ^m, while the fibres simulated in Fig. 5 are all single- 
mode due to the relatively small size of the cladding holes (dlA equal to or less than 0.45). 
These dispersion properties are well known for micro-structured fibres, but are 

25 unattainable for conventional optical fibres. Such dispersion properties may be utilized in 
applications such as white-light and soliton generators. 

The air-filling fraction Is a key parameter to increase in order to further increase the 
dispersion of micro-structured fibres. This may be desired in order to shift the zero- 
30 dispersion to even shorter wavelengths than presently possible, or to allow the use of 
shorter fibre length for obtaining a given dispersion effect. It is, however, well known from 
the prior art that micro-structured fibres may become muitl-mode for large cladding air- 
filling fractions - and that the largest possible cladding air hole size that can be employed 
In order for the prior art fibres to be strictly single-mode at all wavelengths is about 
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d/A=0.45 (see e.g. Blrks et al, Optical Fiber Communication Conference, paper FG4-1, 
1999.). 

The cut-off properties of prior art micro-structured fibres may be understood from Fig. 6, 
5 which shows the effective Index of the guided modes of a micro-stnjctured fibre with 
relatively large air holes in the cladding region. The cladding air holes are identicai and 
they have a size d/A=0.6, where d is the air hole diameter, and A is the centre-to-centre 
spacing of two nearest air holes. The figure shows additionally the effective refractive 
Indices of the core region and the cladding region. The core region Is made of pure silica 
10 and it is. therefore, equal to 1 .45 (which is a representative value for silica al visible to 
near-infrared wavelengths). The cladding region on the other hand contains air holes 
which act to lower the effective refractive index significantly below the Index of the core 
region. The fibre supports at least two modes and the mode-field distribution of the 
second-order mode is illustrated in Fig. 7. The second-order mode has a mode cut-off 
15 wavelength of A/1 .5. Hence, to avoid the second-order mode at e g. a wavelength of 
632nm, the centre-to-centre hole spacing. A. must be scaled to less than 1 p.m. For the 
specific fibre in Fig. 4. this gives a core diameter of less than 2 ^m (the core diameter may 
be approximated by two times A for the specific design). 

20 In contrast to the fibre of the prior art, the present inventors have realised how to Increase 
the features significantly above d/A=0.45 (and thereby obtain the desired dispersion 
properties this gives access to) while keeping the fibres substantially single-mode at all 
wavelengths. This is obtained by applying into the core region elongated features with a 
size that is smaller than the size of the cladding features, while at the same time the core 

25 feature spacing is smaller than the cladding feature spacing. Hereby, the present 
Inventors have realised that the cut-off wavelength of any higher order modes may be 
pushed to very short wavelength - and for certain fibre dimension the second-order mode 
cut-off may be completely eliminated even for fibres with large features in the cladding. 
Figure 8 shows schematically a fibre according to the present Invention, which has a 

30 background material (80) containing cladding features (81 ) of diameter, dci, and spacing, 
Aci, and a core region (82) that contains (in this case) seven core features (83), A close-up 
of the core region is schematically illustrated in Fig. 9, where the core feature diameter. 
du and the core feature centre-to-centre spacing. A,, is illustrated. The fibre in Fig. 8 and 
9 is charactenzed by da>d^ and A^>A^> While the Figures 8 and 9, show a fibre acconjing 

35 to the invention with medium sized cladding features, fibres with even larger cladding 
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features {djA^ larger than 0.6) will be further advantageous when cx^re features are 
provided- Fig. 10 shows a schematic example of a fibre according to the present invention 
with large cladding features (100) and smaller features (101) in the core region. 

5 To illustrate the findings of the present inventors, the figures 11 to 1 3 documents how it is 
possible to eliminate the second-order mode (as well as any higher-order modes) by 
introducing features into the core region of a fibre with very large cladding features. In the 
specific example, the fibre consists of pure silica with features made of air. The cladding 
features have In the specific example a size of d/A-0-9. However, also for smaller 

1 0 cladding features it will be advantageous to introduce features into the core region. Fig. 1 1 
illustrates the operation of fibre with a solid core (a fibre design that is known from the 
prior art). The figure shows the relation between propagation constant along the fibre axis, 
p, and free space wavenumbar. k, for modes In the fibre. The propagation constant is 
normalized with respect to the cladding feature spacing. A. The fibre supports a multitude 

15 of guided modes, but only the two lowest order modes have been shown for reasons of 
clarity (the fundamental mode has the highest p/k value for a given p value). The semi- 
infinite, dark region (the region below the line corresponding to the effective refractive 
Index of the cladding) illustrates the continuum of cladding modes existing In the fibre. In 
this region the fibre cannot guide light efRciently along its length in the fibre core. The right 

20 side of the figure illustrates schematically the fibre morphology, where full lines illustrate 
the air holes. By introducing small features into the core region, the guided modes may be 
slightly pushed towards the dark region (the non-guiding region). This behaviour is 
Illustrated in Fig. 12. if the core features are further increased in size, but still obeying the 
conditions that they should be smaller and more closely spaced than the cladding 

25 features, then the second-order mode may be completely eliminated- This behaviour is 
Illustrated in Rg. 13. The advantageous of the type of fibre shown in Rg. 13 is thai a 
strong dispersion can be obtained (a result of the large cladding features) while the fibre is 
strictly single mode. This can be used to shift the zero dispersion wavelength significantly 
below 1 .3 \xm, while maintaining single mode operation. Furthermore, the type of fibre 

30 shown In Fig. 13 will have a larger core size than a fibre with similar sized cladding 

elements that has to obey the requirement of single mode operation. For the fibre shown 
in Fig. 13, the core size may be larger than 2 in diameter and operate with large 
dispersion at visible wavelengths. In fact the core diameter may easily be designed to be 
in the interval from 2 to 10 ^m for the type of fibre Illustrated in Rg. 13. Core sizes within 

35 this interval are of importance for a range of specific applications^ where a high coupling 
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coefficient between micro-structured fibres and conventional fibres are required. As a 
further mean to improve the coupling to conventional fibres, rt is desired to shape the 
mode field using a high number of core features. 

5 The fibres disclosed in this application have a micro-structured oore region sunDunded by 
a micro-stnjctured cladding region. The core region should also In this respect preferably 
consist of more than 2 features in order to provide a significant variation of the effective 
refractive index of the core region as a function of wavelength. 

The dispersion properties of the fibre shown in Fig. 1 3 are simulated and presented in Rg. 



While the present inventors have realized that micro-structured fibres may be significantly 
improved by introducing a specifically designed micro-structure in the core region, it is 
Important to notice that the micro-structured cores only for certain wavelength ranges 

15 have an effective refractive index that is higher than the cladding region(s). Hence, the 
fibres will only over a limited vravelength range guide light in the core by TIR. This is seen 
In Fig. 13 where a cut-off value exists for the fundamental nrKxJe. The fibres may, 
however, also guide light outside the wavelength ranges where TIR takes place. This can 
result from waveguidance by PBG effects, a waveguidance mechanism that can also be 

20 utilized in the fibres covered by the present Invention. This requires, however, that the 
cladding region has a periodic distribution of the cladding features. Such a requirement is 
not necessary for the majority of fibres disclosed in this application which may well have 
non-periodicaMy distributed cladding features (and guide light by TIR). 

25 As documented by the discussion above, the effective index of the core micro-structure 
may for certain wavelength regions be strongly wavelength dependent for fibres according 
to the present invention. This may provide the fibres with a relatively low core-cladding 
effective refractive index difference even for large cladding features. The low oore- 
cladding effective refractive index difference represents the key issue that allov^re to 

30 suppress the second-order mode cut-off completely or to shift it to wavelengths shorter 
than a desired operational wavelength. Hereby the strong dispersion of the fundamental 
mode can bo achieved in the micro-structured fibres while being under single-mode 
operation. According to the present invention, it will be further advantageous, if the 
refractive index of the core background material is lower than that of the background 

35 cladding material (e.g. if the fibre Is made of silica glass, that the silica core material is 
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doped so that is has a lower refractive index than the cladding background material). This 
will act to further suppress the second-order mode cut-off. As already mentioned then It 
should be noticed that the fibres, disclosed in this application, may be characterized by a 
cut-off wavelength for the fundamental mode. In which case the fibres vAW not transmit 
5 light at wavelengths shorter than a certain critical value. This cut-off wavelength may, 
however, be designed to be shorter than a desired operational wavelength. A further 
embodiment of the present Invention Includes micro-structured fibres with a core region, 
which is characterized by a microstructure having a different microstructure than the 
cladding region and where the effective Index of the core region Is higher than the 

10 effective index of the cladding at long wavelengths and becomes lower at wavelengths 
shorter than a certain critical value. This requires a core region where the background 
material has been doped to a lower nominal value than the background material of the 
cladding microstructure and/or the core microstructure has a lower filling fraction than the 
cladding microstructure. It is important to notice that both the core and cladding 

1 5 microstructures may be substantially periodic or they may be non-periodic. The core , 
structure may. In principle, be periodically mlcro-stmctured without paying respect to 
whether the cladding structure is periodically micro-structured, and vice versa. The 
advantage of the latter type of embodiment is that a more circular symmetric mode field 
distribution In the fibre cross-section may be obtained at a desired wavelength- This type 

20 of embodiment may, however, not provide a complete suppression of the seoond-order 
mode, A further way of providing a smoothing of the mode field is by providing additional 
elements (either ring-shape features surrounding completely the core region or discrete 
elements such as air holes in a ring around the core centre) in close proximity to the core- 
cladding interface. 

25 

In a preferred embodiment, the cladding has features of size d/A larger than 0.45 - and 
the core region contains more than one elongated feature (usually voids in the form of air 
holes). Preferably the number of core features is larger than 2 in order to utilize the core 
features to shape the guided mode of the fibre to a desired profile. Using Just a single hole 

30 will either provide a single, centrally air hole - causing an undesired mode profile with a 
low coupling coefficient with respect to Gaussian mode profiles (that is the profile of 
conventional fibre) or cause an a-symmetric profile. Hence with the aid of two or more 
holes, the guided mode(s) may be shaped to more desired profiles, while at the same 
time serving to push the second-order mode cut-off to short wavelengths. Furthermore, it 

35 is preferred that the number of significantly higher than 2, such as higher than 5 or higher 
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than 17 and that the spacing between core features becomes very small (much smaller 
than the wavelength of light guided through the fibre). By this, the light will not be able to 
avoid the core features, and a large fraction of the light may, consequently, be guided 
within the features. In a further preferred embodiment, the features are voids containing 
5 air. a purified gas or vacuum, hence allowing a fibre to guide with low losses. 

Apart from the potential of strongly shifting the zero-dispersion wavelength, Fig. 5 also 
shows a near-zero, broadband dispersion flattened behaviour of crystal fibres with dc/A 
around 0.30. Due to the exhibition of positive waveguide dispersion at short wavelengths, 

10 the dispersion-flattened range Is In fact extended to wavelengths below 1 .3 |am down to 
approximately 1.1 ^m. The attractive potential for micro-structured fibres of finding use as 
a standard transmission fibre In broadband optical communication seem, therefore, v^th 
respect to the dispersion properties, possible to fulfil. The large tailorability in the design of 
the crystal fibres, with respect to air holes sizes, shapes and arrangements provides a 

15 further foiitful mean of tuning of the dispersion curve to obtain specific properties. Micro- 
structuring of the core as disclosed in this application provides further flexibility for 
designing fibres with flat, near-zero dispersion over broad wavelength ranges. 
Yet another aspect of micro-structured fibres Is their ability to provide dispersion 
compensation at near-Infrared wavelengths - and at 1 .55 |im In particular. The present 

20 inventors have realised how to provide a significantly higher degree of freedom for 
tailoring the negative dispersion of micro-structured fibres compared to both traditional 
fibres and previously known micro-structured fibres. The present inventors have realised a 
design-route for such micro-structured fibres, and the present invention discloses a 
number of specific design of micro-structured fibres with large negative dispersion. 



The fibres are characterized by a number of elongated cladding elements surrounding a 
core region - and the cladding elements are designed In such a way that the field 
distribution of light guided through the fibre will bo much more wavelength deperxient 
compared to any previously known fibre. This strong wavelength dependence provides 

30 the means for creating optical fibres with extremely strong dispersion. The present 
invention, therefore, includes designs of novel types of dispersion manipulating optical 
fibres that are able to compensate - over a small fibre length - the dispersion of 
conventional optical fibres that are already installed in many telecommunication systems. 
Hence, fibres according to the present invention may be utilized as short dispersion 

35 compensating components that can be inserted into existing systems. 
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Conventional optical fibres may be designed to exriibit normal dispersion. Sucri fibres are 
widely used on a commercial basis to provide dispersion compensation in optical fibres 
systems that are upgraded from operation at wavelength around 1.3 jim to operation at 
5 wavelengths around 1.55 ^tm. These dispers Jon-compensating fibres primarily allow us to 
significantly increase the transmission capacity over an existing fibre optical 
communication system. The dispersion compensating conventional optical fibres are 
commonly characterized by a so-called depressed cladding - an Inner cladding region 
that has a lower refractive index than the core and an outer cladding region. Multiple 

1 0 depressed cladding designs are also well known from conventional optical fibres. Also 
micro-structured fibres have been designed for dispersion compensating purposes with a 
depressed, micro-structured, inner cladding region (see e.g. US patent no. 5,802,236). 
Both the conventional, dispersion compensating optical fibres, and the micro-structured 
fibres in the above-cited reference have an operation that is illustrated schematically in 

15 Fig. 15. The figure shows the effective Indices (which in the case that one (or rrvore) of the 
three illustrated fibre regions Is homogeneous ts identical to the conventional refractive 
index of that rBgion(s)). The figure illustrates that the core at the operating wavelengths 
have the higher index, while the depressed, inner cladding region has the lowest. The 
outer cladding region has an Index higher than the depressed cladding, but lower than the 

20 core at all wavelengths. The present inventors have, however, realised that it is not 
optimum to have the above-described relation between the fibre regions for all 
wavelengths. In contrast, the present inventors have realized that it is advantageous to 
have fibres where the relation between the effective refractive indices of the fibre regions 
Is varying as illustrated in Fig. 16. 



This application discloses fibres where the effective refractive index of the core may be 
larger than the effective indices of both an Inner and outer cladding region at long 
wavelengths, the core index may be equal to the inner cladding index at a specific 
wavelength, named the shifting wavelength, but remain larger compared to the outer 

30 cladding at this wavelength, and finally, the core index may be lower than both the inner 
and outer cladding Indices at short wavelengths. The effective index of the inner cladding 
region will at least at the operating wavelengths be higher than that of the outer cladding 
index, and we are, therefore, naming inner cladding regions, according to the Invention as 
raised claddings. The present inventors have realized that a very strong dispersion can be 

35 obtained around the shffting wavelength, and that this shifting wavelength can be 



25 



45 





2$/0 g 01 15: 22 F Al ^45 333 



H0IBERG APS 



^ PATENT-OG VAREMjC (2)048 



43 



designed to any desired absolute wavelength for a number of the fibres disclosed in tliis 
application. TTie above-described effect may e.g. be obtained by realizing a fibre as 
shown In Fig. 17. The fibre has a raised, Inner cladding containing the features (170), and 
a solid core (171) that has a lower refractive index than the background material of the 
5 fibre (172). The outer cladding region contains larger features (173) than the features of 
the inner cladding region. 

Another example of the effective index variation of a fibre according to the Invention Is 
shown In Fig. 18. In this example, we descnbe fibres, where the effective refractive index 

10 of the core may be larger than the effective indices of both an inner and outer cladding 
region at long wavelengths. In agreement with the previously described example, the core 
Index may be equal to the inner cladding index at a specific wavelength, named the 
sh'rfting wavelength. However, in contrast to the previous example, this may be obtained 
for a case, where the refractive Index of the background material of the inner daddlng 

15 region Is higher than that of the outer cladding region, provided that the air-filling fraction 
of the inner cladding region is equal to or larger than that of the outer cladding. In this 
example, the effective refractive Index of the core may be equal to the outer cladding 
index at short wavelengths, but the core index may also be smaller than that of the outer 
cladding- Also In this case, a very strong dispersion can be obtained around the shifting 

20 wavelength, and this shifting wavelength can be designed to any desired absolute 
wavelength for a number of the fibres disclosed in this application. 

According the Invention, also a fibre with a design as illustrated in Fig. 1 9 will be 
advantageous. The fibre has smaller inner cladding features (190) distributed in a near- 
25 ring shaped region around the core. 

According to the Invention, it will be further advantageous to have obtained the behaviour 
illustrated in Fig. 16 by introducing a micro-structure into the fibre core region. The 
following text is a more detailed description of a more advanced design according to the 
30 present invention, and how a large negative dispersion can be obtained. The description 
exemplifies the design-route that the present inventors have found in order to realize 
micro-structured fibres that exhibit strong dispersion. 

The basic transverse structural form of the micro-structured fibres, employed to obtain a 
35 large degree of dispersion compensation (The group velocity dispersion, GVD, is very 
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negative), is shown in Fig. 20. This is not a structure actually calculated upon In the 
followtng, however, it describes the structural idea. 

In the centre is a closed-packed core-region (this means that the air-holes are situated on 
6 a triangular lattice). This Implies that an air hole Is situated in the central part of the core- 
region, which Is an unusual quality in fibres, which guide light by modified Total Internal 
Reflection (TIR). 

Lattice-constants: Outside the dose-packed core-region Is the Inner cladding region. This 
10 Inner cladding region is also ctosed-packed but the distance between the air holes (the 
lattice^onstant A) is significantly larger than the lattice-constant in the central core 
region. In the calculated example, as well as the stmctural example shown hereunder, the 
lattice-constant is three Umes as large In the inner cladding region as it is In the central 
core-region. 

15 

Sun-oundlng the Inner cladding region is the outer cladding region. In the calculated 
example (as well as the stmctural example shown hereunder), the Inner and the outer 
cladding regions have the same lattice-constant. However, in the outer cladding structure, 
small interstitial holes are placed. The effect of these holes Is that the outer cladding 
20 region behaves as If its lattice constant is slightly smaller, than the lattice constant of the 
inner cladding region. 

The effects creating the possibllitv of laroe d ispersion Qprppensatlon- To explain the way 
this fibre works, we will use the mode-Index plot, shown in Rg. 21. Here is shown the 

25 effective index of some different periodic structures. The effective index is defined in the 
invariant length direction, for the fundamental mode, and is defined as the wave-vectors 
component in the length directfon (the propagation constant p), divided by the free-space 
wavenumber, For a bounded mode (exemplified by 'core-mode In the ptot), this 
definition Is compatible with the definition known from standanj optical fibres. The 

30 effective index is shown as a function of the normalized wavelength, VA, where X is the 
free-space wavelength, while A is the aforementioned lattice-constant In the inner 
cladding (or the outer cladding, since they are equal). 

The effective index of the outer cladding Is termed 'outer cladding' in the plot. The 
35 effective index of the the curve 'inner core' is similar to the effective index of the central 
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core, since 'inner core' shows the effective index of a periodic materia(» identical to the 
central core, except that 'Inner core' extends infinitely in space. 

To obtain the desired effect, it is necessary to have an Index of the central core (inner 
5 core) that lies above the Index of the outer cladding at long (normalized) wavelengths. 
This Is ensured by having an air-filling fraction In the central core, which is less than the 
air-filling fraction in the outer cladding, in the example calculated upon in this section, the 
central core has air-holes with a diameter of 70% of its lattice constant, while the outer 
cladding has air-holes with a diameter of 75% of its lattice constant. Furthermore, the 
10 outer cladding has Interstitial air-holes with a diameter of 13% of the local lattice constant, 
which further lowers the effective Index of the outer cladding at long wavelengths, 
compared to the effective index of the central core. 

At shorter wavelengths (X/A s 0.79) the effective index of the outer ciadding has risen to 
1 5 the same level as the effective index of the central core-region. The reason behind the 
significant rising of the effective Index of the outer cladding, at wavelengths which are 
sufficiently long to ensure that the effective Index of the central core-region Is still fairly 
constant is the significantly larger lattice constant of the outer cladding compared to the 
central core-region. At these wavelengths the large air holes of the outer cladding have a 
20 size comparable to the wavelength, which causes the field to avoid the air-holes, which 
again causes the effective index to rise. 

A hypothetical structure, consisting of the central core, surrounded by the outer cladding, 
would therefore guide light in the core-region at long wavelengths (where the effective 

25 index of the core Is higher than the effective index of the cladding). At short svavelengths 
the fibre would become an anti-guide (not guiding in the core-region), since the effective 
index of the cladding has risen above the effective index of the core. On the mode-index 
curve shown above, one may actually see that the mode-index curve is tending towards 
the effective outer cladding index {XiAs 0.85), due to the small index contrast between the 

30 central core and the outer cladding at these wavelengths. 

However, in the structure calculated upon in the above plot, the effective index of the 
inner cladding rises above the effective index of the outer cladding at these wavelengths. 
By designing correctly, one may now obtain the following situation: Before the mode-index 
35 reaches the effective index of the outer cladding, it begins to de-!ocalize, because of an 
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insufficient Index difference between core and cladding. However, because of the Inner 
cladding surrounding the central core, the field is de-localizing Into the inner cladding, 
since this Inner cladding has a significantly higher index than the outer cladding at these 
wavelengths. Actually, this index difference becomes sufTiciently large, for the inner 
5 cladding to guide the light. 

Instead of having a central core mode, and an Inner cladding nnode. we obtain that the 
central core-mode is de-localized out into the Inner cladding over a quite short wavelength 
interval. However, the slope of the central core-mode and the Inner cladding nrrade is quite 
10 different, due to the large difference in structural size between the central core and the 
Inner cladding. The guided mode-Index therefore turns sharply in the wavelength region 
where the transition from the central core to the inner cladding (which becomes the new 
core) takes place. 

1 5 In ng. 22 Is depicted the same calculation, except that we have zoomed in on the 

interesting transition region. Also, we do not show an effective index of the central core- 
region, and an effective index of the inner cladding. The core-index instead shows the 
effective index of the one of the two, which has the higher effective Index at the particular 
wavelength. Shown like this the effective core-Index appears to break at the shifting 
20 wavelength, which of couree is a mathematical abstraction. Nevertheless, it explains the 
dramatic effect on the slope of the guided mode, since the guided mode is forced to have 
an effective index, which lies between the effective Index of the cladding and the core. 

The group velocity dispersion, GVD, for a guided mode can be written as: 
GVD= -Aye d^n/d?.^ , where n^|3/k. 

From this formula, those skilled in the art will recognize that the sharp upward bending of 
the guided mode coresponds to a numerically large negative group velocity dispersion. 
The calculated group velocity dispersion of the fibre is shown in Fig. 23. 

Since it has been assumed that a group velocity dispersion below -2500 ps/nm/km is 
unattainable In pure silica fibres at 1.5^m wavelength the numfc>ers speak for themselves. 
The lattice constant in the cladding is 1,78p.m, while the core-diameter is estimated to be 
approximately 5fj.m- 
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Another example of a fibre design according to the present invention is illustrated in Fig. 
24. The fibre consists of a core-region with relatively small air holes. Sun^ounding the 
core-region is an inner cladding region that has a higher percentage of air than the core 
region (ensuring that the core has a higher effective index than the inner cladding at long 
5 wavelengths. The Inner cladding stnjcture further has a significantly larger structure scale 
than the core-region ensuring that the effective index of the Inner cladding becomes equal 
to the effective index of the core-region at the shifting wavelength (the longest free-space 
wavelength where the effective index of the core-region is equal to the effective index of 
the inner cladding). At shorter free space wavelengths than the shifting wavelengths the 
10 effective index of the inner cladding raises atx)ve the effective index of the core-region. 

The reason that the index of the inner cladding region raises above the effective index of 
the core region is that the air holes of the Inner cladding are avoided by the field at much 
longer wavelengths than the air holes of the core-region. This is due to the larger 
1 5 structural size of the inner cladding. 

Surrounding the inner cladding Is the outer cladding, which has the same stnjctural size 
as the inner cladding. However, the air-filling fraction of the outer cladding is greater than 
the air-filling fraction of the inner core, since the air holes are largest in the outer cladding. 
20 The effective index of the outer cladding is therefore lower than the effective index of the 
inner cladding at all wavelengths. The effective index of the three distinct parts of the fit)re 
therefore behaves in accordance with the preferred behaviour shown In Rg. 16. Fig. 24 is 
therefore an example of a preferred embodiment where the desired behaviour is obtained 
by having different structural sizes In different parts of the fibre. 

25 

The different patterns in the background of the different parts of the structures, 
exemplifies that the behaviour may be further refined by employing different background 
materials in the fibre. By using different background index in one of the regions of the 
fibre, it becomes possible to obtain a more desirable combination of the effective index 
30 and the slope of the effective index in the working wavelength range of the fibre. This 
aWows more flexibility when tailoring the dispersion of the fibre. 

Fig. 25 shows yet another preferred way to obtain a different structural size in different 
regions of the fibre. Here the typical minimum Inter-hoIe distance Is equal in alt three parts 
35 of the fibre. The core-region has air holes on a triangular lattice and the inner cladding has 
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air holes on a honeycomb lattice. The outer cladding has relatively large air holes on a 
honeycomb lattice and relatively small air holes in the centres of the honeycombs (on a 
larger triangular lattice). Even though the typical inter-hole spacing is equal in all parts of 
the fibre, the typical structural size is much smaller in the core-region compared to the 
5 cladding regions. It is therefore possible to obtain effects similar to those found in the 
structure shown in Fig. 24, using this embodiment. 

Again tt is illustrated how different parts of the fibre can have different refractive indices of 
their background material, allowing more flexibility in the design of the fibre. One possible 
10 advantage of the design shown in Fig. 25, compared to the other structures shown, Is that 
it becomes possible to have an effective index of the core-region, which Is comparable to 
the effective Index of the outer cladding, even at short wavelengths. This makes it easier 
to keep the fibre single-moded even at short wavelengths. 

15 Those skilled in the art will recognise, that a multitude of structures exist, which has 

different structural sizes in different parts of the fibre. These structures Include: holes on a 
triangular lattice (as In the cone-regions shown in Fig. 24-25), holes on a honeycomb 
lattice (as the Inner cladding shown in Fig. 25). holes on a honeycomb and a triangular 
lattice (as the outer cladding shown In Fig. 25), holes on a Kagome lattice (not shown) 

20 and holes on a Kagom6 and a triangular lattice (not shown). 

Rg. 26 illustrates schematically another type of fibre design with a micro-structured core 
region according to the present invention. This type of fibre design Is used for fibres 
operating solely by PBG effects, and it Is a requirement that the cladding features 
25 (typically air holes) are periodically arranged. The core holes are larger in size than the 
cladding holes, thereby creating a low-index core region that eliminates any operation by 
modified total intemal reflection index or index guidance. 

The present inventors have further realized that it is possible to realize fibres where the 
30 effective refractive Indices of the core and the cladding regions behave as illustrated in 
Fig. 27 with respect to each other as a function of wavelength. At all wavelengths the 
Inner cladding has a higher effective, refractive Index than the outer cladding region. The 
fibre core has the lowest effective refractive index at long wavelengths, an effective 
refractive Index similar to the inner cladding region at the so-called shifting wavelength 
35 (being shorter than the above-mentioned wavelength), and the highest effective refractive 
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index at short wavelengths. Fibres with this effective Index behaviour of the different 
regions also provide large tailorability of the dispersion. Especially, the present inventors 
have realized fibres exhibiting large negative dispersion near the shifting wavelength. 
An example of a fibre design, which provides the above-described behaviour, Is a fibre 
5 with the core region comprising a multitude of spaced apart core features being elongated 
In the axtal direction and disposed in a core material, wherein the refractive Index of the 
core features Is iarger than the refractive index of the Inner cladding material, and the 
refractive index of the core material is lower than the refractive Index of the Inner cladding 
material. The fibre may further be characterized by the Inner cladding region comprising 
10 an inner cladding material with the refracttve Index being larger than the refractive index of 
the outer cladding features. 

Another example of a fibre providing a shifting wavelength is a fibre, for which the core 
region comprising a multitude of spaced apart core features being elongated in the axial 
15 direction and disposed in a core material, wherein the refractive index of the core features 
fs lower than the refractive index of the inner cladding material, and the refractive index of 
the core material is larger than the refractive index of the inner cladding material. 

Fibres according to the present invention may also have simple or complicated core 
20 refractive index profiles obtained through conventional doping techniques, such as for 
example through the use of Modified Chemical Vapour Deposition (MCVD). A wide range 
of doping profiles may be used for the core - profiles that may either be taken directly from 
standard fibre technology, such as W-profiles, parabolic profiles, profiles resembling 
depressed cladding fibre designs etc., or profiles that are unknown for standard fibre 
2& technology, but may be of advantages for photonic crystal fibre technology. As an 
example of a PCF with a special core profile - realizable through conventional doping 
techniques, a PCF as illustrated in Fig. 28 is given. The fibre has a raised, inner cladding 
region as the previously sludied (using smaller holes (281) compared to larger holes (282) 
In the outer cladding). A part of the fibre core region (283) has been doped to provide a 
30 specific refractive index profile as illustrated in Fig. 29. 

The present inventors have further realized that fibres according to the present invention 
may be used for non-linear applications at wavelength around 1.5^m. Apart from 
providing fibres with a large negative dispersion, the use of an Inner, raised cladding also 
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allows to realize PCFs with flat, near-zero or zero dispersion at wavelengths around 
1 .5^m for core sizes smaller than prior art fibres. 

For non-linear applicatfons. it Is vital to realize fibres with srnall core sizes - typically with 
5 core diameters smaller than 3.5^m as well as fibres wrth flat, near-zero dispersion around 
the desired operational wavelength(s). Ferrando et al. have presented PCFs with flat, 
near-zero dispersion for fibres with pitches from around 1 .6|xnn to 1,9jim - resulting in 
core diameters of around 3.2jim to 3.fi^m (see Ferrando et al. Electronics Letters. Vol. 35, 
No.4, Feb. 1999). The fibres presented by Ferrando et al. are, however, designed for 
1 0 near-zero dispersion at wavelengths around 1 .O^im. For use at wavelengths around 

1 .5^m, the fibres presented by Ferrando et al. must have a larger pitch resulting in fibres 
having core diameters larger than 4.5fim. 

Monro et al. (Journal of Lightwave Technology, Vol. 17. No. 6. June 1999) and Fen^ndo 
15 et a!. (See Ferrando et al.. Optics Letters. Vol. 25. No. 11, June. 2000) have specifically 
Investigated fibres with flat, near-zero dispersion around 1 .55^m. Both Monro et al. and 
Fernando et al, find flat, near-zero dispersion properties for PCFs with a pilch of 2.3(xm or 
larger - resulting In fibre diameters of 4.6fim or larger, it is a disadvantage of the fibres 
presented by Monro er al. and by Ferrando et al. that they do not have flat, near-zero 
20 dispersion at wavelengths around 1.5jim for pitches smaller than 2.3^. As shall be 
demonstrated by way of example, the present inventors have realized that the use of a 
raised. Inner cladding may provide PCFs with near-zero, flat dispersion at wavelengths 
around I.Sp/n for smaller core sizes than known In the prior art (for pitches smaller than 
1.8)j.m - con^spondrng to core diameters of 3.6^m or smaller). PCFs according to the 
25 present invention are characterized by a lower threshold for non-linear effects compared 
to prior art fibres, and will, therefore, be advantageous. 

To analyse the dispersion properties of fibres with a design as illustrated in Fig. 28 and 
Fig. 29, a background refractive cladding Index of 1.45 (for both cladding regions) and a 
30 highest refractive index in the core of 1.47 is chosen. A refractive index value of 1.45 is 
representative for silica at near-infrared wavelengths and a Index increase of 0.02 is 
feasible with conventional doping techniques. The inner dadding holes (281) have a 
diameter of 0,3A and the outer cladding holes (282) have a diameter of 0.6A. Fig. 30 
illustrates the dispersion properties of such fibres for A ranging from LOj^m to 1.5»im. As 
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seen from the figure, a fibre with a small pitch of around 1.4^m has a near-zero dispersion 
with a near-zero slope over a (very) broad wavelength range covering wavelengths of at 
least 1 .2|am to 1 .8^m. A close up of the dispersion properties of a Similar fibre» but with 
outer cladding holes of diameter 0.5A Is illustrated in Fig. 31. Also for this fibre a flat, near- 
5 zero dispersion is found for small pitches - in this case a pitch of 1 .5|im. The two above- 
studied fibres with pitches of 1.4jxm and 1.5^m have core diameters of 2.8^m to 3.0Hm. 
This is significantly smaller than for prior art fibres with flat, near zero dispersion at 
wavelengths around 1.5>im, and the fibres disclosed in this patent application are, 
therefore, advantageous for non-linear fibre applications at near-infrared wavelengths. 



Fig. 32 illustrates the field distribution of a guided mode at a wavelength of 1 .5^m. As can 
be seen from the figure, the mode experiences a strong confinement to the core region. 

Due to the higher refractive index of the central part of the core region, the fibre will be 
15 further advantageous with respect to splicing as the core may confine light even In the 
case of partly or fully collapsed holes that may result over a short length of the fibre at a 
spliced end. 

Although the previous dispersion analysis was done for fibres with a higher refractive 
20 index in the central core region compared to the cladding Indices, the use of a raised. 
Inner cladding also allows to realize fibres with the desired dispersion properties In the 
case of a core region having a lower refractive Index than the background refractive index 
of one or txDth the cladding regions. Fig. 33 illustrates the dispersion properties of a fibre 
having a design as illustrated in Fig. 28, but the cladding background refractive indices 
25 being 0.02 higher than the core background refractive Index (the refractive index values of 
1.47 and 1,45 were used for the background material of the cladding and core, 
respectively). As seen from the figure, also this design provides a flat, near-zero 
dispersion around 1,5^m for small pitches (A of around 1.2^m). This specific fibre has 
di=0-4A and do=0.7A 

30 

The present inventors have realized yet another range of designs for non-linear fibres with 
flat, near-zero dispersion at wavelengths around 1.5>im. An example of the design is 
illustrated in Rg. 36. The fibres has a low number of innermost cladding features 
(innemnost with respect to the frbre core). In the example in Fig. 36, the fibre has four 
35 Inner cladding features (362) that sun-ound the core (360). The fibre also comprises outer 
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cladding features (361) airgnged in a concentric, annular manner surrounding the core. 
The outer features do not necessarily need to be position in a concentric manner, but may 
also be close-packed. Due to the low number of inner cladding features (being lower than 
six which Is the most generally studied case in the prior art), the fibre in Fig. 36 will also 
5 have a higher refractive Index of the Inner cladding compared to the micro-structured 
region(s) surrounding the inner cladding. The low number of innemnost cladding features 
provides a larger spacing between the Innermost cladding features compared to the outer 
cladding features - and since all cladding features are similar In size, the filling fraction in 
the inner part of the cladding will be lower than in the outer part. Naturally, In the case of 

10 low-Index features, this provides a larger effective refractive index of the Inner cladding 
compared to the outer cladding. The present inventors have studied a number of fibres 
having less than six Innermost cladding features (such as 5, 4. 3, and 2 Innemnost 
daddlng features). As an example of the dispersion properties that may be obtained for 
such fibres, Fig, 37 shows the dispersion properties of an exemplary fibre with a design as 

15 shown in Fig. 36, where the cladding features are air and the cladding background 

material is pure silica (with a refractive index of 1.45). and the core Is solid comprising Ge- 
doped silica (with a refractive index of 1.47). The cladding features are all similar sized 
with a diameter of 0.5/.ijm. The cladding features are arranged in concentric annular 
regions (rings), and the number of features in each ring (counting from the core) is 4. 22, 

20 34. and 46. The smallest spacing h>etween a centre of a cladding features In one ring to a 
centre of a cladding feature in another ring being 1.27fim. The core diameter of the fibre Is 
around I.Sfxm (defined as the distance from a centre of one Innermost cladding features 
to a centre of a second innermost cladding feature - these two Innermost cladding 
features being positioned opposite each other with respect to a centre of the core). As 

25 seen from Fig. 37, the fibre exhibits near-zero dispersion over an extremely broad 
wavelength range - the dispersion varying less than between +0.4ps/nm/km and 
-4ps/nm/km over more than SOOnm (for wavelengths between at least 1 .2^m to 1.8^m). 
Fig, 37 shows further a close-up of the dispersion from 1 .4)im to 1 .7pjn - the dispersion 
varying less than from +0.4ps/nm/km to -0.4ps/nm/km in the Important wavelength range 

30 from 1.4^im to 1.6jim. At a wavelength of 1.5p.m, the mode field distribution (380) of the 
guided mode of the fibre is illustrated in Fig. 38. The field has a mode field diameter of 
only 1 .7^m. This small mode field diameter and the near-zero, flat dispersion of the fibre 
at wavelengths around LS^m, make the fibre highly attractive for non-linear fibre 
applications. It is Important to understand, that the low number of Innermost cladding 

35 features acts to provide an effectively higher refractive index of the Inner part of the 
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cladding compared to the outer parts of the cladding. This Is obtained by having 
$ubstantially similarly sized inner and outer cladding features, where the spacing between 
Inner cladding features is larger than the spacing between outer cladding features (in the 
same annular region). 

5 

The present invention also covers fibres with less than six Innermost cladding features for 
other types of design than the one shown schematically in Rg. 36. such as fibres with 
close-packed outer cladding features. 

10 It is a further advantage of the fibre design shown schematically In Fig. 36 that all cladding 
features in the fibre have identical size (or diameter) due to potential difficulties In 
controlling cladding features of different size during f bre fabrication. Although various 
types of pressurizing systems may be employed to control different sized cladding 
features (as for example for fibres with a design as shown in Fig. 28), it is less demanding 

1 5 to fabricate similar sized-dadding features. 

As another example of a fibre according to the present invention, Fig. 39, shows 
schematically a fibre design, where the cladding features are Increasing in size with 
respect to distance to the centre of the core (390). The Inner ring of cladding features 
20 (391 ) has smaller diameter than the outer cladding features (392) that again have smaller 
diameter than the outenrost cladding features (393). 

Potential applications of PCFs according to the present invention are: pulse compression 
(using self phase modulation), soliton generation and propagation, supercontinuum 
25 generation around 1.5^m or other wavelengths, wavelength conversion (using four wave 
mixing), fibres for narrow bandwidth spectral shaping (using stimulated Brillouin 
scattering), fibres for wide bandwidth spectral shaping (gain equalising/flattening using 
cross phase modulation), Raman amplification, etc. 

30 Another example of a fibre according to the present invention Is illustrated In Rg. 34. A 
part of the core region (341 ) has a higher refractive index than the cladding background 
refractive index. The Inner cladding region contains a honeycomb-like micro-structure 
(342) and the outer cladding region contains a micro-structure resembling the Inner 
cladding structure, but with the addition of small features (343) in the centres of the 

35 honeycomb-celis. These small features provide a lower refractive index of the outer 
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cladding region compared to the Inner cladding region. The field distribution of the 
fundamental mode is illustrated in Fig. 35. The fibre has a large negative dispersion slope 
at wavelengths around for 1 .5^m - making it useful for dispersion slope compensating 
applications. The centre-to-centre air holes spacing is 1mm - resulting In a fibre with 
5 giving a mode field diameter of around 8^m. 

As polarization properties may play an important role for non-linear fibre applications, it is 
Important to notice that fibres according to the present Inventions may be realized with 
non-symmetric cross-sections - such as e.g. an elliptic core - in order to improve 
1 0 polarization properties of the fibres. 

Fibres according to the present invention may be fabricated using techniques that are well 
known In the prior art of micro-structured fibres. These include stacking of capillary tubes 
and/or rods to fonm a preform that may be drawn into fibre using a conventional fibre 
15 drawing tower Altematively. fibres according to the present invention may be fabricated 
using extrusion techniques. These fabrication techniques may both be applied to glass 
based microstructured fibres, such as air-silica, air-chalcogonide. all-glass (using different 
types of glass or glasses having different dopants) micro-structured fibres, or to micro- 
structured fibres based on polymer materials- 

20 

CLAIMS: 

1 . A micro-structured optical fibre for transmitting at least a predetermined 
wavelength of light, said optical fibre having an axial direction and a cross 
25 section perpendicular to said axial direction, said optical fibre comprising: 



a cladding region surrounding said core region, said cladding region 
comprising a multiplicity of spaced apart cladding features that are elongated 
in the fibre axial direction and disposed in a first cladding material, and said 
cladding region having an effective Index of refi^ction Nd. wherein a plurality of 
said cladding features have a cross-sectional dimension perpendicular to said 
axia/ direction being larger than said predetermined wavelength. 



a core region having a multiplicity of spaced apart core features that are 
elongated In the fibre axial direction and disposed in a core material, said core 
region having an effective index of refraction Noo. 
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A micro-structured optical fibre according to claim 1, wherein the effective 
index of refraction of the core region, Noo, ts larger than the effective index of 
refraction of the ciadding region, Nd, at said predetermined wavelength of light. 

A micro-stnjctured optical fibre according to claim 1 or 2. wherefn the refractive 
index of one or more of the core features 1$ lower than the refractive index of 
the core matenal. 

A micro-Structured optical fibre according to claim 3. wherein the refractive 
Index of a majority or all of the core features Is lower than the refractive Index 
of the core material. 

A micro-structured optical fibre according to claim 1, 2 or 3, wherein the 
refractive Index of one or more of the core features is higher than the refractive 
Index of the core material. 

A micro-structured optical fibre according to daim 1 or 2» wherein the refractive 
Index of a majority or all of the core features is higher than the refractive index 
of the core material. 

A micro-structured optical fibre according to any of the claims 1-6, wherein the 
refractive Index of one or more of the cladding features is lower than the 
refractive index of the ciadding material. 

A micro-structured optical fibre according to claim 7, wherein the refractive 
Index of a majority or all of the cladding features Is lower than the refractive 
Index of the cladding material. 

A micro-Structured optical fibre according to any of the claims 1-7. wherein the 
refractive Index of one or more of the cladding features Is higher than the 
refractive index of the cladding material. 
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A micro-structured optical fibre according to claim 1-6. wherein the refractive 
index of a majority or all of the cladding features is higher than the refractive 
index of the cladding material. 

A micro-structured optical fibre according to any of the dalms 1-10. wherein 
said predetermined wavelength is selected from wavelengths In the interval of 
0.3 to 2 nm. 

A micro-structured optical fibre according to claim 11, wherein said 
predetermined waveler^gth Is selected from wavelengths In the interval of 
0.6)am to 1-2 ^m. 

A micro-structured optical fibre according to claim 12. wherein said 
predetermined wavelength \s selected to be about 0-78 ^im, about 0.98 ^m, or 
about 1.06 fom. 

A micro-structured optical fibre according to claim 11, wherein said 
predetermined wavelength is selected from wavelengths in the interval of 1.2 
^im to 1 .6 fim. 

A micro-structured optical fibre according to claim 14, wherein said 
predetermined wavelength Is selected to be about 1.3 \xm, 

A micro-structured optical fibre according to claim 11, wherein said 
predetermined wavelength Is selected from wavelengths in the Interval of 1 .5 
fjjn to 1 .6 ^m. 

A micro-structured optical fibre according to claim 16. wherein said 
predetermined wavelength Is selected to be about 1.55 |im. 

A micro-structured optical fibre according to any of the dalms 1-17, wherein 
said optical fibre is dimensioned to transmit light of said predetermined 
wavelength In a single mode of propagation. 
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A micro-structured optical fibre according to claim 18, wherein the optical fibre 
is dimensioned to transmit light in a single mode of propagation for a range of 
wavelengths below said predetermined wavelength. 

A micro-structured optical fibre according to claim 19, wherein said range of 
wavelengths includes wavelengths down to 0.3 fim, 

A micro-structured optica! fibre according to any of the claims 1-20, wherein a 
part of or ail of the core features have cross-sectional dimensions 
perpendicular to said axial direction being smaller than the cross-sectional 
dimensions of the cladding features. 

A micro-structured optical fibre according to any of the claims 1-21. wherefn a 
part of or all of the core features have a centre-to-centre spacing being smaller 
than sakj predetermined wavelength. 

A micro-structured optical fibre according to claim 22. wherein a part of or all of 
the core features have a centre-to-centre spacing being smaller than 0.9 times 
the predetermined wavelength, such as 0.6 times, such as smaller than 0.4 
times, or such as smaller than 0.2 times. 

A micro-structured optical fibre according to any of the claims 1-23. wherein a 
part of or all of the core features have cross-sectional dimensions 
perpendicular to said axial direction being smaller than said predetermined 
wavelength. 

A micro-structured optical fibre according to claim 24. wherefn a part of or all of 
the core features have cross-sectional dimensforis perpendicular to said axial 
direction being smaller than 0.9 times the predetermined wavelength, such as 
0.6 times, such as smaller than 0.4 times, or such as smaller than 0.2 times. 

A micro-structured optical fibre according to any of the claims 21-25. wherein 
the core features have a cross-sectional dimension perpendicular to said axial 
direction being so largo that a second-order mode of propagation Is shifted to a 
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wavelength of light being shorter or smaller than said predetermined 
wavelength. 

A mlcrch-stnjctured optical frbre according to claim 26, wherein a part of or all of 
the core features have a cross-sectional dimension being larger than 0.2 ]itu. 

A micro-structured optical fibre according to claim 26 or 27, wherein a part of 
or all of the core features have a cross-sectional dimension perpendicular to 
said axial direction being so large that the second-order mode of propagation 
is shifted to a wavelength of light being shorter or smaller than 1 .5 ^m, such as 
smaller than 1 .3 ^m. or such as smaller than 1 .06 ^m, such as smaller than 
0.8 jum. or such as smaller than 0.6 yim, such as smaller than 0.4 ^m» such as 
smaller than 0.3 ^m, or such as smaller than 0.2 jim. 

A micro-structured optical fibre according to any of the daims 24-28. wherein a 
part of or all of the core features have a cross-sectional dimension 
perpendicular to said axial direction larger than 0.2 urn, such as in the range of 
0.2 Jim to 0.4 Jim, such as in the range of 0-4 fom to 1 .0 p.m. or such as in the 
range of 1.0 ^m to 1.8 jxm. 

A micro-structured optical Hbre according to any of the claims 2-29. wherein 
the fibre has been dimensioned so that the value of the effective Index of 
refraction of the cladding region, N^, is larger than the effective index of 
refraction of the core region, N«». for wavelengths of lights below a shifting 
wavelength, said shifting wavelength having a value smaller than said 
predetermined wavelength. 

A micro-structured optical fibre according to claim 30, wherein said shifting 
wavelength has a value below 1.5 fim, such as below 1.3 j^m. such as below 
1.06 ^m, such as below 0.8 ^im, such as below 0.6 |j.m, or such as below 0.4 
^m. 

A micro-structured optical fibre according to any of the claims 1-31, wherein 
the core features In the cross section occupy in total a ratio Fg of the core 
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region, and the cladding features in the cross section occupy In total a ratio F, 
of the cladding region, and is smaller than Fj. 

A micro-structured optical fibre according to claim 1 or any of the claims 2-21, 
wherein the cladding features are periodical features, 

A micro-structured optical fibre according to clalnn 33, wherein the effective 
Index of refraction of the core region, Na>. is lower than the effective index of 
refraction of the cladding region, N^. at said predetermined wavelength of light. 

A micro-structured optical fibre according to any claims 33 or 34, wherein the 
core features have cross-sectional dimensions perpendicular to said axial 
direction being larger than the cross-sectional dimensions of the cladding 
features. 

A micro-structured optical fibre according to any of the claims 33-35, wherein 
the core features in the cross section occupy in total a ratio Fc of the core 
region, and the cladding features in the cross section occupy in total a ratio Fi 
of the cladding region, and Ft is larger than F,, 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the core features have a centre-to-centre spacing being substantially 
equal to the centre-to-centre spacing of the cladding features. 

A micro-structured optical fibre according to any of the claims 1-36, wherein 
the core features have a centre-to-centre spacing being smaller than the 
centre-to-centre spacing of the cladding features. 

A micro-structured optical fibre according to any of the preceding daims. 
wherein the number of core features is larger than 2, such as larger than 5, 
such as larger than 17. 

A micro-structured optical fibre according to any of the claims 1-36, wherein 
the number of core features Is equal to 7 or equal to 13 or equal to 19. 
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A micro-structured optical fibre according to any of the claims 1-40. wtierein 
the refractive index of the core material is lower than the refractive Index of the 
cladding material. 

A micro-structured optical fibre according to any of the daims 1-40, wherein 
the refractive Index of the core material is substantially equal to the refractive 
Index of the cladding material. 

A micro-structured optical fibre according to any of the daims 1-40, wherein 
the refractive IrKJex of the core material Is higher than the refractive index of 
the cladding material. 

A micro-structured optical fibre according to claim 42. wherein the core 
materia! and the cladding material are made of the same material. 

A micro-structured optical fibre according to any of the claims 1-44, wherein at 
least 60%, such as at least 80%, or such as all of the dadding features have a 
cross-sectional dimension perpendicular to said axial direction being larger 
than the wavelength of light guided by said fibre. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the core region has a diameter larger than 2 Mm. 

A micro-structured optical fibre according to claim 46, wherein the core region 
has a diameter in the range of 2 - 50 |im. such as in the range from 2-5 ^m, 
such as in the range from 5—10 ^im, such as In the range from 10-25 ^im, 
such as in the range from 25 - 50 |im, 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the cladding features have a diameter or a cross-sectional dimension 
being larger than 0.45 times the centre -to-centre spacing of said dadding 
feattfres, such as larger than 0.6 times the cladding feature spacing, or such 
as larger than 0.9 times the cladding feature spacing. 
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A micro-stajctured optical fibre according to any of the preceding claims, 
wherein the cladding features occupy at least 25% of the cross-section of the 
cladding region, such as nxjre than 40%. such as more than 50%. such as 
more than 60%, such as more than 70%. such as more than 80%. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the core features occupy more than 5% of the cross-section of the 
core region, such as more than 10%, such as more than 25%, such as nxire 
than 50%. such as more than 75%. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the core features are periodical features. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the spacing of the core features and/or the cladding features are in the 
range of about 0.2 |im to 10 |jjn. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein the core materia! and/or the first cladding material Is silica. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein one or more of the core features are rods. 

A micro-structured optical fibre according to claim 54, wherein a majority or all 
of the core features are rods. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein one or more of the cladding features are rods. 

A micro-structured optical fibre according to claim 56, wherein a majority or a!! 
of the cladding features are rods. 

A micr^structured optical fibre according to any of the claims 55-57, wherein 
some or all of the rods of the core features and/or the cladding features are 
made of silica. 
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A micro-structured optical fibre according to daim 58. wherein one or more of 
ttie silica core features and/or cladding features are doped with one or more 
materials selected from a list comprising: Ge, AI, F, Er, Yb. Nd. La. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein one or more of the core features are voids. 

A micro-structured optical fibre according to any of the claims 1-54 or 56-60, 
wherein a majority or alt of the core features are voids. 

A micro-structured optical fibre according to any of the preceding claims, 
wherein one or more of the cladding features are voids. 

A micro-structured optical fibre according to any of the claims 1-56 or 58-62, 
wherein a majority or all of the cladding features are voids. 

A micro-structured optical fibre according to any of the claims 60-63, wherein 
the voids of the core region and/or the cladding region contain air, another gas, 
or a vacuum. 

An article according to any of the claims 60-63, wherein any of the core 
features and/or the cladding features are voids containing polymer(s), a 
material providing an increased third-order non-linearity, a photo-sensitive 
material, or a rare earth materiai. 

An article comprising a micro-structured optical fibre for guiding light at an 
operating wavelength, said optical fibre having an axial direction and a cross 
section perpendicular to said axial direction, the optical fibre comprising: a core 
region having en effective refractive Index Nc© and t>eing surrounded by a 
cladding region comprising a multiplicity of spaced apart cladding features 
being elongated in the axiaf direction and disposed in a first cladding material, 
the cladding features having a refractive index that differs from a refractive 
index of the first cladding material, the cladding region further comprising an 
inner cladding region surrounding the core region and an outer cladding region 
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surrounding the inner cladding region, the inner cladding region having an 
effective refractive index Ni and the outer cladding region having an effective 
refractive index N^, with Ni being larger than No at the operating wavelength. 

An article according to claim 66, wherein the Inner dadding region comprises 
the first cladding material and the cladding features disposed therein, the first 
cladding material thereby constituting an Inner cladding material and the 
cladding features disposed in the first cladding material constituting a 
multiplicity of spaced apart inner cladding features. 

An article according to claim 67, wherein the outer dadding region comprises a 
multiplicity of spaced apart outer dadding features being elongated in the axial 
direction and disposed in an outer cladding material, the outer cladding 
features having a refractive index that differs from a refractive index of the 
outer cladding material. 

An article comprising a micro-structured optical fibre for guiding light at an 
operating wavelength, said optical fibre having an axial dlrecfion and a cross 
section perpendicular to said axial direction, the optical fibre comprising a core 
region surrounded by an inner cladding region that comprises a multiplicity of 
spaced apart inner cladding features that are elongated in the axial direction 
and disposed in an Inner dadding material, the inner cladding region being 
surrounded by an outer cladding region that comprises a multiplicity of spaced 
apart outer dadding features that are elongated in the axial direction and 
disposed in an outer material, the inner cladding features having a refractive 
index that differs from a refractive Index of the inner dadding material and the 
inner dadding region havlr^g an effective refractive index N|, and the outer 
cladding features having a refractive Index that differs from a refractive index of 
the outer daddlr>g material and the outer cladding region having an effective 
refractive index No, wherein N, Is larger than No at the operating wavelength. 

An article according to claim 68 or 69, wherein the core region has an effective 
refractive index Nca, the difference between Nco and N, being a function of the 
wavelength of the guided light so that the effective index of the core region 
is substantially equal to the effective index of the inner cladding region N* at a 



66 



28/06 '01 15:30 ¥AJ +45 3332 




HOIBERG APS 



PA' 




-OG VAREHjE t2l067 



71. 

5 



72. 

10 

73. 

15 

74. 

20 

75. 

25 

76. 

30 77. 
78. 

35 



64 

wavelength referred to as the shifting wavelength, and wherein Ni is larger than 
No for operating wavelengths equal to or below said shifting wavelength. 

An article accordir>g to claim 70, wherein Nc*, is larger than Ni for at least a 
range of wavelengths longer than the shifting wavelength, and Nco is lower 
than N| for at least a range of wavelengths shorter than the shifting 
wavelength. 

An article according to claim 70, wherein Nco is lower than Ni for at least a 
range of wavelengths longer than the shifting wavelength, and Noo is higher 
than Ni for at least a range of wavelengths shorter than the shifting 
wavelength. 

An article according to claim 71 or 72, wherein K is larger than No for a range 
of wavelengths above the shifting wavelengths. 

An article according to any of the claims 67-73. wherein the core region Is a 
substantially solid core made of a core material and having an effective 
refractive Index Nco being substantially equal to the refractive index of the core 
material. 

An article according to any of the claims 67-73, wherein the core region 
comprises a multitude of spaced apart core features being elongated in the 
axial direction and disposed in a core matenal. 

An article according to any of the claims 68-75, wherein all or at least part of 
the inner cladding features have a cross-sectional dimension being smaller 
than a cross-sectional dimension of the outer cladding features. 

An article according to any of the claims 68-76. wherein the centre-to-centre 
spacing between Inner and outer cladding features Is substantially identical. 

An article according to any of the claims 67-77. wherein the refractive Index of 
the core material is lower than the refractive index of the inner cladding region 
material. 
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An article acxiording to any of Iho claims 68-78, wherein the inner cladding 
features in the cross-section occupy in total a ratio, Fi, of the inner cladding 
region and the outer cladding features In the cross-section occupy In total a 
ration, F©, of the outer cladding region, and F| is smaller than Fq. 

An article according to any of the claims 68-76 or 79, wherein all or at least 
part of the Inner cladding features have a cro$s-sectional dimension being 
substantially Identical to a cross-sectional dimension of all or at least part of 
the outer cladding features. 

An article according to claim 80, wherein the centre-to-centre spacing between 
inner cladding features is larger than the centre-to-centre spacing between 
outer cladding features. 

An article according to any of the claims 68-81 , wherein the number of inner 
cladding features is lower than 6, such as equal to 4, such as equal to 3, such 
as equal to 2. 

An article according to any of the claims 67-82, wherein the refractive Index of 
the Inner cladding material is substantially identical to or larger than the 
refractive index of the outer cladding material. 

An article according to any of the claims 68-75. wherein the refractive Index of 
the inner cladding material is larger than the refractive index of the outer 
cladding material and the inner cladding features In the cross-section occupy 
an area. F„ of the inner cladding region and the outer cladding features in the 
cross-section occupy an area, F©. of the outer cladding region, and Fi Is equal 
to or larger than F©. 

An article according to any of the claims 67-84, wherein the refractive index of 
one or more of the Inner cladding features is higher than the refractive Index of 
the Inner cladding material. 
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An article according to claim 85, wherein the refractive Index of a majority or ail 
of the inner cladding features is higher than the refractive Index of the inner 
cladding material. 

An article according to any of the claims 67-84, v^/herein the refractive Index of 
one or more of the Inner cladding features is lower than the refractive index of 
the inner cladding material. 

An article according to claim 87, wherein the refractive Index of a majority or all 
of the Inner cladding features is lower than the refractive index of the Inner 
cladding material. 

An article according to claim 66, wherein the outer cladding region comprises 
the first cladding material and the cladding features disposed therein, the first 
cladding material thereby constituting an outer cladding material and the 
cladding features disposed in the first cladding material constituting a 
multiplicity of spaced apart outer cladding features. 

An article according to claim 89, wherein the core region comprises a multitude 
of spaced apart core features being elongated in the axial direction and 
disposed in a core material. 

An article according to claim 90, wherein the refractive Index of the core 
features is larger than the refractive index of the Inner cladding material, and 
the refractive index of the core material is lower than the refractive index of the 
Inner cladding material. 

An article according to claim 90, wherein the refractive Index of the core 
features is lower than the refractive index of the Inner cladding material, and 
the refiractive index of the core material is larger than the refractive index of the 
inner cladding material. 

An article according to any of the claims 90-92, wherein the inner cladding 
region comprises an inner cladding material with the refractive index of said 
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Inner cladding material being larger than the refractive Index of the outer 
claddfng features. 

An article according to claim 93, wherein the refractive Index of the inner 
cladding material is about equal to or larger than the refractive Index of the 
outer cladding material. 

An article according to any of the clafms 68-94, wherein the refractive Index of 
one or more of the outer cladding features is higher than the refractive Index of 
the outer cladding material. 

An article according to darm 95, wherein the refractive index of a majority or all 
of the outer cladding features is higher than the refractive index of the outer 
cladding material. 

An article according to any of the claims 68-94, wherein the refractive Index of 
one or more of the outer cladding features is lower than the refractive index of 
the outer cladding material. 

An article according to claim 97. wherein the refractive index of a majority or all 
of the outer cladding features Is lower than the refractive Index of the outer 
cladding materiaL 

An article according to any of the claims 75-88 or 90-98, wherein the refractive 
index of one or more of the core features Is higher than the refractive Index of 
the core material. 

An article according to any of the claims 75-88 or 90-98, wherein the refractive 
index of one or more of the core features is lower than the refractive index of 
the core material. 

An article according to any of the claims 66-77 or 79-100, wherein the 
refractive index of the core material is substantially identical to the refractive 
index of the Inner cladding region material. 
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An article according to any of the claims 66-101 . wherein the refractive Index of 
the core material is substantially identical to the refractive index of the outer 
cladding region material. 

An article according to any of the claims 75-102, wherein the core features 
have a cross-sectional dimension that is smaller than a cross-sectional 
dimension of the inner cladding features. 

An article according to any of the claims 75-103. wherein the core features 
have a centre-to-centre spacing that is smaller than the centre-to-centre 
spacing of the inner cladding features. 

An article according to any of the claims 68-104, wherein the outer cladding 
features occupy more than 30% of the cross-section of the outer cladding 
region, such as more than 40%. such as more than 50%. such as more than 
60%, such as more than 70%, such as more than 80%. 

An article according to any of the claims 67-105, wherein the inner and/or 
outer cladding features are periodically disposed. 

An article according to any of the claims 75-88 or 90-106, wherein the core 
features are periodical core features. 

An article according to any of the claims 66-107, wherein the core has a 
diameter larger than 2 ^m. 

An article according to claim 108, wherein the core diameter is In the interval 
from 2 to 10 ^m, such as in the inten/al from 4 to 6 ^im. 

An article according to any of the claims 66-109. wherein the inner and/or 
outer cladding features have a spacing in the range of about 0.1 to 10 times 
the wavelength of any light guided through the fibre, such as in the range of 
about 0.5 to 1. such as in the range of about 1 to 2, such as in the range of 
about 2 to 5, euch as In the range of about 5 to 10. 
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An article according to any of the daims 75-88 or 90-110, wherein the core 
features have a spadng In the range of about 0.1 to 10 times the waveler>gth 
of any light guided through the fibre, such as In the range of about 0,5 to 1, 
such as In the range of about 1 to 2, such as In the range of about 2 to 5, such 
as m the range of about 5 to 1 0. 

An article according to any of the claims 75-88 or 90-111. wherein the core 
features have a spacing in the range of about 0.1 to 10 ^im, such as In the 
range of about 0,5 jim to 1 ^m, such as in the range of about 1 fxm to 2 ^w, 
such as tn the range of about 2 to 5 ^m, such as In the range of about 5 
fim to 10 |um. 

An article according to any of the claims 75-88 or 90-1 12, wherein one or more 
of the core features are voids. 

An article according to claim 113, wherein a majority or all of the core features 
are voids. 

An article according to any of the claims 67-88 or 95-1 14, wherein one or more 
of the Inner cladding features are voids. 

An article according to claim 115, wherein a majority or all of the inner cladding 
features are voids. 

An article according to any of the claims 68-1 16, wherein one or more of the 
outer cladding features are voids. 

An article according to claim 117, wherein a majority or all of the outer cladding 
features are voids. 

An article according to any of the claims 113-1 18, wherein one or more of the 
core features and/or the cladding features are voids containing air, another 
gas, or a vacuum. 
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An article according to any of the claims 75-88 or 90-11 3 or 115-1 19, wherein 
one or more of the core features are rods. 

An article according to claim 120. wherein a majority or all of the core features 
are rods. 

An article according to any of the claims 67-08 or 95-1 15 or 117-121, wherein 
one or more of the inner cladding features are rods. 

An article according to claim 122, wherein a majority or alt of the Inner cladding 
features are rods. 

An article according to any of the claims 68-117 or 119-123, wherein one or 
more of the outer cladding features are rods. 

An article according to claim 124. wherein a majority or all of the outer cladding 
features are rods. 

An article according to any of the dalms 1 1 3-1 25. wherein one or more of the 
core features and/or the cladding features are voids cx)ntaining polymer(s), a 
material providing an increased third-order non-linearity, a photo-sensitive 
material, or a rare earth material. 

An article according to any of the preceding claims, wherein the fibre guides 
light at a predetermined wavelength in a single mode. 

An article according to claim 127, wherein said predetermined wavelength is in 
the range from about 0.3 ^m to 15 nnn. such as from about 0.5 ^m to 1.6 \xm, 
such as around 0.8 ^m, such as around 1.06 ^.m, such as around 1.3 fxm, such 
as around 1.5 )im, such as from about 1.0 to 2.0 ^m, such as from about 2 
lam to 5 Min, such as from about 5 jim to 15 yum. 

An article according to claim 128. wherein the fibre guides light at several 
predetermined wavelengths. 
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30, An article according to claim 67 or 68, wherein the core region Is a 
substantially solid core made of a core material and having an effective 
refractive index being larger than N| at the operating wavelength. 

31. An article comprising a micro-structured opticai fibre for guiding light at an 
operating wavelength, said optical fibre having an axial direction and a cross 
section perpendicular to said axial direction, the optical fibre comprising a core 
region having an effective refractive index Nco and being surrounded by an 
inner dadding region that comprises a multiplicity of spaced apart inner 
cladding features that are elongated in the axiai direction and disposed In an 
Inner cladding material, the Inner cladding region being surrounded by an outer 
cladding region that comprises a multiplicity of spaced apart outer cladding 
features that are elongated in the axial direction and disposed In an outer 
material, the inner cladding features having a refractive Index that differs from 
a refractive index of the Inner cladding material and the inner cladding region 
having an effective refractive index Ni, and the outer cladding features having a 
refractive fndex that differs from a refractive index of the outer cladding 
materia! and the outer dadding region having an effective refractive index No, 
wherein: 

N| is larger than No at the operating wavelength, the core region is a 
substantially solid core with a core diameter around or below 4 ^m and with an 
effective refractive index Noo being larger than N| at the operating wavelength, 
the centre to centre spacing or pitch of the inner cladding features, A^, is 
around or below 2 ^m, the Inner cladding features have a diameter or cross 
sectional dimension, di, fulfilling the requirement that djA^ is equal to or below 
0.7 and equal to or above 0.2, the centre to centre spacing or pitch of the outer 
cladding features, Ao, is around or below 2 ^m, and the outer cladding features 
have a diameter or cross sectional dimension, do» fulfilling the requirement that 
do/Ao is equal to or above 0.4. 

f32. An artide according to claim 130 or 131, wherein N^, Is larger than Ni for ail 
wavelengths of optical radiation which can be guided by the mlcro-strtjctured 
flbre. 
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An article according to any of the claims 130-132, wherein the effective 
refractive index difference between the core region and the Inner cladding 
region Is greater than about 5%. 

An article according to any of the claims 130-133, wherein the core region and 
the Inner cladding region are mutually adapted so that the micro-structured 
fibre exhibits a substantially zero dispersion or near-zero dispersion 
wavelength within the range of 1 .2 ^im to 1 .8 i^m, such as within the range of 
1.48 ^ to 1.62 ^im, such as within the range of 1.52 ^im to 1.58 jam. 

An article according to any of the claims 130-134, wherein the centre to centre 
spacing or pitch of the inner cladding features, A^, is around or below 2 ^m, 
such as around or below 1 .5 ^m, such as around 1 ,4 ^m, or in the range of 1 
|im to 2 ^m, such as in the range of 1 i^m to 1 .5 ^Jn. 

An article according to any of the claims 130-137. wherein the number of inner 
cladding features Is higher than or equal to 6. 

An article according to claim 136, wherein the Inner cladding features have a 
diameter or cross sectional dimension, di, and a centre to centre spacing or 
pitch, Aj, fulfilling the requirement that d/A| is in the range from 0.2 to 0.4, such 
as about 0.3. 

An article according to any of the claims 1 30-1 37. wherein the centre to centre 
spacing or pitch of the outer cladding features, Ao, is substantially equal to the 
centre to centre spacing or pitch of the inner cladding features, Aj. 

An article according to any of the claims 130-135, wherein all or at least part of 
the inner cladding features have a diameter or cross-sectional dimension being 
substantially identical to a diameter or cross-sectional dimension of all or at 
least part of the outer cladding features. 
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An article according to clairp 139, wherein the number of inner cladding 
features is lower than 6, such as equal to 4, such as equal to 3, such as equal 
to 2. 

An article according to claim 139 or 140. wherein the centre lo centre spacing 
between inner cladding features A, is larger than the centre to centre spacing 
between outer cladding features A^,. 

An article according to claim 141, wherein the Inner cladding features have a 
diameter or cross sectional dimension, di, and a centre to centre spacing or 
pitch, A^, fulfilling the requirement that d/A^ is in the range from 0.25 to 0.5. 

An article according to claim 141. wherein the inner cladding features have a 
diameter or cross sectional dimension, di, fulfilfing the requirement that d/A, is 
In the range from 0.28 to 0.57. 

An article according to claim 141, wherein the inner cladding features have a 
diameter or cross sectional dimension, di, and a centre to centre spacing or 
pitch. At, fulfilling the requirement that d/Ai is in the range from 0.35 to 0.7. 

An article according to any of the claims 130-144, wherein the centre to centre 
spacing or pitch of the outer cladding features, Ao, is around or below 2 ^im. 
such as around or bebw 1 .5 ^m, such as around 1 .4 ^tm, or in the range of 1 
lim to 2 ^m, such as In the range of 1 \xm to 1 .5 pin. 

An article according to claim 144 or 145, wherein the outer cladding features 
have a diameter or cross sectional dimension, do, fuifilling the requirement that 
d^Ao Is equal to or below 0.7 and equal to or above 0.4, such as about 0.5 or 
such as about 0.6. 

An article according to any of the claims 130-146, wherein the core has a 
diameter around or below 4 ^m, such as around or below 3.6 fim, such as 
around or below 2 ^m, such as around or below 1 .5 p.m. 
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An article according to any of the claims 130-147, wherein the refractive Index 
of the core region Is varying along the diameter of the core region so that an 
inner and/or a central portion of the core has a higher refractive index than an 
outer portion of the core. 

An article according to claim 148. wherein the Inner and/or central portion of 
the core comprises one or more rods having a higher refractive index than the 
background index of the core or the outer portion of the core. 

An article according to claim 148 or 149, wherein the inner and/or central 
portion of the core has a higher refractive Index than the refractive index of the 
Inner cladding materiai and/or the outer cladding material. 

An article according to any of the claims 130-150. wherein at least part of the 
core region has a refractive index being substantially Identical to the refractive 
index of the Inner and/or outer cladding region matehal. 

An article according to any of the claims 130-150, wherein at least part of the 
core region has a refractive index being larger than the refractive index of the 
inner and/or outer cladding region material 

An artfCle according to any of the claims 130-150, wherein at least part of the 
core region has a lower refractive Index than the refractive index of the inner 
cladding material and/or the outer cladding matertal 

An article according to any of the claims 130-153. wherein the Inner cladding 
features are voids and/or rods having a lower refractive index than the inner 
cladding material. 

An article according to any of the claims 130-154, wherein the outer cladding 
features are voids and/or rods having a lower refractive Index than the outer 
cladding material. 
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An article according to any of the claims 130-138 or 140-155. wherein all or at 
least part of the inner cladding features have a cross-sectional dimension 
being smaller than a cross-sectional dimension of the outer cladding features. 

An article according to any of the claims 130-156, wherein the refractive Index 
of the inner cladding material is substantially identical to the refractive index of 
the outer cladding material. 

An article according to any of the claims 130-157, wherein the inner cladding 
features in the cross-section occupy in total a ratio, Fi, of the inner cladding 
region and the outer cladding features in the cross-section occupy in total a 
ration, Fq. of the outer cladding region, and F| is smaller than Fo. 

An article according to any of the claims 130-158. wherein one or more of the 
cladding features are voids containing air. another gas, or a vacuum. 

An article according to any of the claims 130-158, wherein one or more of the 
cladding features are voids containing polymer(s)» a material providing an 
increased third-order non-linearity, a photo-sensitive material, or a rare earth 
material. 

An artide according to any of the preceding claims, wherein the core region 
and/or the cladding regions comprise silica. 

An articfe according to any of the preceding claims, wherein the core and/or 
any of the cladding materials contains polymer(s), are material(s) providing an 
Increased third-order non-linearity, are photo-sensitive material(s). or are rare 
earth material(s). 

An article according to any of the preceding claims, wherein said fibre is 
dimensioned to guide light of predetenDined wavelength In two substantially, 
non-degenerate polarization states. 
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An article according to any of the preceding claims, wherein the fibre Is 
characterized by a birafringance of at least 10 ^ such as of at least 10^, such 
of as at least 10'^. 



An article according to any of the preceding claims, wherein the core region 
has a substantially two-fold symmetry, obtained from anrangement of the core 
features in a substantially two-fold symmetric manner. 

An article according to any of the preceding claims, wherein the core region 
contains core features with a non-circular symmetric shape In the fibre cross- 
section. 

An article according to any of the preceding claims, wherein the shape of the 
core region deviates substantially from a circular shape in the fibre cross- 
section. 

An article according to any of the preceding claims, wherein shape of the core 
region deviates substantially from a quadratic shape, a hexagonal shape, or a 
higher order polynomial shape in the fibre cross-section. 

An article according to any of the preceding claims, wherein shape of the core 
region Is substantially rectangufar In the fibre cross-section. 

An article according to any of the preceding claims, wherein the core region 
and/or cladding region has substantially a 180 degree rotational symmetry In 
the fibre cross-section. 

An article according to any of the claims 1-166 or 170. wherein shape of the 
core region Is essentially circular or elliptical. 
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